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D E C L A R A T I O N   
 
I, P h ilip  J a m e s  U r e n , d e c la re  th a t th is  th e s is  c o n ta in s  n o  m a te r ia l w h ic h  h a s  be e n  
a c c e p te d  f o r th e  a w a r d  o f  a n y  o th e r d e g r e e  o r d ip lo m a  in  a n y  te rtia r y  in s titu tio n . T o  
m y  k n o w le d g e  a n d  be lie f , th is  th e s is  c o n ta in s  n o  m a te r ia l p re v io u s ly  p u blis h e d  o r 
w ritte n  by  a n o th e r  p e rs o n  e x c e p t w h e re  d u e  r e fe r e n c e  is  m a d e  in  th e  te x t o f  th e  
th e s is . 
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A B S T R A C T  
 
 
G e n e tic  a lg o r ith m s , a  s to c h a s tic  e v o lu tio n a r y  c o m p u tin g  
te c h n iq u e , h a v e  d e m o n s tra te d  a  c a p a c ity  f o r  ro bu s t, e f f ic ie n t 
p ro ble m  s o lv in g  th ro u g h  h ig h ly  p a r a lle l s e a r c h  s p a c e  
e x p lo r a tio n . T h is  w o r k  d e m o n s tra te s  h o w  a n  im p r o v e m e n t in  
p e r f o rm a n c e  a n d  e f fic ie n c y  o v e r  th e  tr a d itio n a l s e r ia l 
a p p r o a c h  c a n  be  a c h ie v e d  by  e x p lo itin g  th is  h ig h ly  p a r a lle l 
n a tu r e  to  p r o d u c e  p a r a lle l g e n e tic  a lg o rith m s . F u r th e r m o r e , it 
is  s h o w n  th a t by  in c o rp o r a tin g  d o m a in  s p e c if ic  k n o w le d g e  
in to  a  g e n e tic  a lg o r ith m  n e a r  o p tim a l s o lu tio n s  c a n  be  lo c a te d  
in  m in im a l tim e .  
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IV  
A C K N O W L E D G E M E N T S   
 
A s  th e  d e a d lin e  f o r  th e s is  s u bm is s io n  a p p r o a c h e s  a n d  th e  y e a r  d r a w s  to  a n  e n d , I fin d  
m y  th o u g h ts  a r e  d iv id e d  be tw e e n  lo o k in g  fo r w a r d  to  th e  f u tu r e  a n d  r e m e m be r in g  th e  
y e a r th a t h a s  ju s t p a s t. C e rta in ly  m a n y  p e o p le  d e s e r v e  m y  th a n k s  f o r  th e ir h e lp  d u rin g  
th is  e n d e a v o u r; s o m e  f o r th e ir  a s s is ta n c e  w ith  m y  w o rk , o th e rs  f o r le s s  d ir e c t s u p p o rt. 
A ll a re  e q u a lly  a p p re c ia te d  a n d  I h o p e  th is  s m a ll to k e n  is  s u f f ic ie n t to  e x p re s s  m y  
g r a titu d e  to  th e m .   
 
It is  lo g ic a l to  be g in  w ith  th e  in c e p tio n  o f th is  w o r k , s o  I s h a ll d o  ju s t th a t. M y  f ir s t 
th a n k s  a r e  to  m y  s u p e r v is o r, P r o f e s s o r  S a le . W ith o u t h is  h e lp  th is  w o r k  w o u ld  n e v e r  
h a v e  be g u n  le t a lo n e  be  r e a c h in g  c o m p le tio n . I w is h  to  o ff e r m y  th a n k s  f o r  th e  id e a s , 
s u g g e s tio n s  a n d  c o n s ta n t p r o o f r e a d in g  th a t y o u  h a v e  p r o v id e d  m e  w ith  o v e r  th e  y e a r.  
 
C o n tin u in g  w ith  m y  g r a titu d e  to  th e  s ta ff  h e re , tw o  o th e r p e o p le  s ta n d  o u t in  m y  
m in d . F ir s tly , I w o u ld  lik e  to  th a n k  D r. P e te r V a m p le w  f o r h is  g u id a n c e  a s  th e  
h o n o u r s  c o - o r d in a to r, p r o o f  re a d in g , a n d  p a tie n t h a n d lin g  o f  q u e s tio n s . S e c o n d ly , m y  
th a n k s  a ls o  g o  to  M r. M a r k  H e p bu r n  f o r h is  th o r o u g h  p ro o f r e a d in g  a n d  f o r m a k in g  
m y  w o r k lo a d  in  tu to r in g  h is  s u bje c t m o re  m a n a g e a ble  th a n  h e  w a s  r e a s o n a bly  
o blig e d  to  d o . O f  c o u rs e , I w o u ld  lik e  to  e x te n d  m y  th a n k s  to  a ll th e  s ta f f  h e re  w ith in  
th e  s c h o o l o f c o m p u tin g  f o r th e ir  s u p p o rt o v e r th e  p a s t y e a r a n d  in d e e d  fo r  m y  e n tire  
tim e  h e re . 
 
T o  m y  f e llo w  h o n o u r s  s tu d e n ts  I th a n k  y o u  f o r a  m o s t v ibra n t a n d  in te re s tin g  y e a r. It 
w o u ld  n o t h a v e  be e n  s o  w ith o u t y o u  a ll. I h a v e  c o m e  to  a p p r e c ia te  y o u r  c o m p a n y  a n d  
w e lc o m e  d is tr a c tio n s . It is  p e r h a p s  th is  th a t I w ill m is s  m o s t. 
 
F in a lly , I tu r n  m y  a tte n tio n  to  th o s e  w h o  a r e  n o t d ir e c tly  c o n n e c te d  to  m y  w o r k . In  
m a n y  w a y s  it is  to  th e m  th a t I o w e  th e  m o s t. T o  m y  g ir lfr ie n d , S a r a h , th a n k y o u  f o r  
y o u r  s u p p o rt a n d  lo v e  o v e r  th is  p a s t y e a r , it h a s  m e a n t a  g r e a t d e a l to  m e . T o  m y  
f rie n d s , I h a v e  g r e a tly  a p p re c ia te d  th e  c h a n c e  to  u n w in d  a n d  r e la x  w ith  y o u  a ll. I 
h a v e  le f t e x te n d in g  m y  g r a titu d e  to  m y  f a m ily  a s  th e  f in a l a c k n o w le d g e m e n t be c a u s e  
it is  th e m  th a t I w is h  to  th a n k  th e  m o s t. I a m  tr u ly  g r a te f u l f o r  th e ir s u p p o r t a n d  lo v e  
o v e r  th is  y e a r  a n d  w ith in  e v e r y th in g  I h a v e  u n d e rta k e n . 
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1  
1. IN T R O D U C T IO N  
In s p ir e d  by  o bs e r v a tio n s  o f a d a p ta tio n  in  n a tu r a l s y s te m s , g e n e tic  a lg o r ith m s  
a tte m p t to  c a p tu r e  th e  e s s e n c e  o f e v o lu tio n s  r o bu s t, c le a n , e f fic ie n t a p p ro a c h  to  
p r o ble m  s o lv in g . A  u n iq u e  ta k e  o n  th e  c la s s ic  a r tif ic ia l in te llig e n c e  c o n c e p t o f  
p r o ble m  s o lv in g  by  s e a r c h , th e s e  te c h n iq u e s  a n d  a p p r o a c h e s  h a v e  p r o v e n  th e m s e lv e s  
to  be  q u ite  e f f ic ie n t a t h a n d lin g  o th e r w is e  in tr a c ta ble  p ro ble m s .  
 
P o s s e s s iv e  o f a  h ig h ly  p a r a lle l im p lic it s tr u c tu r e , n u m e r o u s  a p p r o a c h e s  h a v e  be e n  
p r o p o s e d  f o r  im p ro v in g  th e  e f f ic ie n c y  o f  g e n e tic  a lg o r ith m s  by  e m p lo y in g  
c o n c u rr e n t p ro g r a m m in g  te c h n iq u e s . T h is  w o r k  h a s  a s  its  a im  th e  e x p lo r a tio n  o f  s u c h  
e f fo r ts . T h e  g o a l be in g  to  e s ta blis h  w h e th e r p a r a lle l g e n e tic  a lg o r ith m s  p ro d u c e  
be tte r  re s u lts  th a n  s e r ia l a p p ro a c h e s . It is  e x p e c te d  th a t o w in g  to  a  m o r e  e f f ic ie n t 
s e a rc h  o f  th e  p r o ble m  s p a c e , p a r a lle l a lg o rith m s  w ill p o s s e s s  s u p e rio r  p e r f o rm a n c e . 
H o w e v e r th e  p o s s ibility  th a t th e  e x tr a  c o m p u ta tio n  p o w e r a n d  o r g a n is a tio n a l 
s tru c tu re  p r o v id e d  by  a  p a r a lle l a p p r o a c h  le a d s  to  little  o r  n o  im p ro v e m e n t in  
p e r fo r m a n c e  is  a ls o  e x p lo r e d . T h ro u g h o u t th e  r e m a in d e r  o f th is  w o rk , th e s e  tw o  
d is ju n c t p o in ts  a r e  re f e rr e d  to  s im p ly  a s  th e  h y p o th e s is . 
 
T o  th is  e n d , a  r e v ie w  o f  th e  c u r r e n t lite ra tu re  is  p r e s e n te d  f irs t, e n a blin g  a  m o r e  in  
d e p th  u n d e r s ta n d in g  o f th e  c h a r a c te ris tic s  o f  g e n e tic  a lg o r ith m s . T h is  is  a ls o  th e  ba s is  
f o r c la s s if y in g  th e  la r g e  n u m be r  o f d is p a r a te  p a r a lle l v e r s io n s  o f  th e  te c h n iq u e  in to  
c a te g o r ie s . A n  e x p lo r a tio n  o f th e  p e rf o r m a n c e , be n e fits , a n d  d r a w ba c k s  o ff e re d  by  
a p p r o a c h e s  w h ic h  e x e m p lif y  th e ir  c la s s  o f g e n e tic  a lg o r ith m  is  p r e s e n te d . F r o m  th is  
in fo r m a tio n  a  ba s is  f o r  d e s ig n in g  a n d  d e p lo y in g  s e v e ra l p a ra lle l g e n e tic  a lg o r ith m s  is  
a r riv e d  a t. T h e  d e s ig n  o f  th e s e  a lg o rith m s  is  e la bo ra te d  a n d  te s t r e s u lts  a r e  p re s e n te d  
to  v a lid a te  th e ir  p e r f o rm a n c e . F o llo w in g  th is , a n  a r g u m e n t f o r  th e  g e n e ra l s tr u c tu r e  
o f  a n  e x p e r im e n ta l a p p ro a c h  a im e d  a t e s ta blis h in g  th e  p ro o f  o r o th e r w is e  o f  th e  
a bo v e  h y p o th e s is  is  p re s e n te d . T h is  a p p ro a c h  is  f u r th e r  re f in e d  a n d  a  f in a l d e ta ile d  
d e s c rip tio n  is  p r e s e n te d .  
 
H a v in g  d e p lo y e d  a n d  e v a lu a te d  th e  p e r fo r m a n c e  o f  th e  d e v e lo p e d  a lg o r ith m s  u s in g  
s e v e ra l m e tric s  th e  r e s u lts  a r e  p r e s e n te d  a n d  w ith in  lo c a l s c o p e  a re  a n a ly s e d  a n d  
d is c u s s e d  fo r  r e le v a n c e . D r a w in g  a ll o f th is  e m p ir ic a l e v id e n c e  to g e th e r, a  f in a l 
d is c u s s io n  o f th e  a r g u m e n ts  f o r a n d  a g a in s t th e  p r o p o s e d  h y p o th e s is  is  m a d e  a n d  
c o n c lu s io n s  a r e  e x p o u n d e d  a s  to  its  v a lid ity . F in a lly , a  d is c u s s io n  o f ite m s  o f  in te re s t 
a n d  s u g g e s te d  a p p ro a c h e s  to  fu r th e r  w o r k  o n  th is  to p ic  is  p r e s e n te d  w ith  s e v e r a l 
d ire c tio n s  o f  in trig u in g  r e s e a r c h  id e n tifie d .   
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2 . C O N T E X T  
T h e  c o n te x t a n d  e n v ir o n m e n t w ith in  w h ic h  th e s e  e x p e rim e n ts  a n d  o bs e r v a tio n s  
a r e  m a d e  is  g iv e n  th o r o u g h  tr e a tm e n t in  c h a p te r  5 , bu t a  brie f  o v e r v ie w  is  g iv e n  h e r e  
to  a llo w  th e  re a d e r a  be tte r  p e rs p e c tiv e  f ro m  w h ic h  to  v ie w  th e  fo c u s e d  e x p lo r a tio n  
p r e s e n te d  w ith in  th e  lite r a tu r e  r e v ie w . 
 
A s  a n  a s id e  to  th e  m a in  g o a l o f th is  w o rk , th e  a p p lic a tio n  o f g r id  c o m p u tin g  a s  th e  
m e c h a n is m  f o r d e p lo y in g  p a r a lle l g e n e tic  a lg o rith m s  u p o n  a n  e x te n s ible  d y n a m ic  
p la tf o rm  is  e x p lo r e d . A s  a  r e s u lt, th e  u s e  o f S u n  G r id  E n g in e 1  is  n o t p re s e n te d  a s  a  
r e a s o n e d  d e c is io n , bu t r a th e r  a  fix e d  a s s u m p tio n  u p o n  w h ic h  a n  e v a lu a tio n  o f  its  
p e r fo r m a n c e  a n d  s u ita bility  to  s u c h  ta s k s  c a n  be  m a d e . 
 
T h e  e x e c u tio n  e n v ir o n m e n t w ill c o n s is t o f  tw o  p la tf o r m s . T h e  f ir s t o f  th e s e  is  a n  
8 0 0 M H z  P C  r u n n in g  w in d o w s  X P  u p o n  w h ic h  e v a lu a tio n  o f  m o s t n o n -d is tr ibu te d  
a lg o r ith m s  w ill be  p o s s ible . T h e  s e c o n d  o f th e s e  p la tfo r m s  is  th e  g r id  c lu s te r  
o r g a n is e d  by  w a y  o f  th e  g r id  e n g in e  s o ftw a r e , a s  d e s c ribe d  a bo v e . It c o n ta in s  fo u r  
m a c h in e s  w ith  p r o c e s s o r  s p e e d s  o f  2 3 3 M H z , e a c h  ru n n in g  L in u x  F e d o r a . 
 
A  p ro ble m  o f  in te re s t h a s  be e n  s e le c te d  u p o n  w h ic h  to  te s t th e  p e r fo r m a n c e  o f  th e  
g e n e tic  a lg o r ith m s . T h is  p r o ble m , th e  c a p a c ite d  v e h ic le  r o u tin g  p r o b le m  o r  C V R P , is  
th e  lo g ic a l in te r s e c tio n  o f  th e  w e ll k n o w n  tr a v e llin g  s a le s m a n  p r o b le m  ( T S P )  a n d  th e  
b in -p a c k in g  o r k n a p s a c k  p r o b le m  ( o f te n  a bbre v ia te d  a s  B P P ). T h e  d e ta ils  o f th e  
C V R P  a r e  g iv e n  la te r , h o w e v e r its  s e le c tio n  a s  th e  d e s ir e d  a p p lic a tio n  w a s  m a d e  d u e  
to  its  N P - c o m p le te  n a tu re  a n d  its  c o n c e p tu a l c o m p o s itio n  o f tw o  s u b-p ro ble m s  ( th e  
T S P  a n d  th e  B P P ).  
                                                 
1  S u n  G r id  E n g in e  ( S G E )  is  a n  o p e n  s o u r c e  g r id  c o m p u tin g  s o ftw a r e  p a c k a g e , th e  d e ta ils  o f  w h ic h  a r e  
e la bo r a te d  la te r . 
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3 . L IT E R A T U R E  R E V IE W  
3 .1. O V E R V IE W   
T h e  p u r p o s e  o f  th is  r e v ie w  is  to  p r e s e n t a n  e x p lo r a tio n  o f  te c h n iq u e s  f o r 
im p le m e n tin g  a  p a r a lle l g e n e tic  a lg o r ith m  o n  a  s m a ll c lu s te r o f  m a c h in e s  r u n n in g  th e  
a u to m a te d  d is tr ibu te d  c o m p u tin g  e n g in e , g r id  e n g in e . T h e  g o a l o f  th e  a lg o r ith m  w ill 
be  to  s o lv e  a  s ta n d a rd is e d  c a p a c ite d  v e h ic le  r o u tin g  p ro ble m . V a rio u s  a p p ro a c h e s  
a n d  te c h n iq u e s  w ill be  e x p lo r e d  w ith in  th is  re v ie w  to  d e te rm in e  w h ic h  a r e  s u ita ble  to  
th e  a r c h ite c tu r e  a n d  a p p lic a tio n . In  a d d itio n , th e  f a c to r s  w h ic h  in f lu e n c e , f a v o u ra bly  
o r  o th e r w is e , th e  p e rf o r m a n c e  o f th e  a lg o r ith m s  a r e  a ls o  in v e s tig a te d . T h e  m a jo r  g o a l 
o f  th is  lite r a tu r e  re v ie w  is  to  p r o v id e  a n  u n d e r s ta n d in g  f r o m  w h ic h  to  s e le c t 
a p p r o p ria te  a lg o rith m s  fo r  th e  in v e s tig a tio n  o f th e  is s u e s  ra is e d  in  th e  h y p o th e s is . 
 
3 .2 . S T R U C T U R E  A N D  S C O P E  
S e c tio n  3 .3  w ill o u tlin e  g e n e tic  a lg o rith m s  in  th e ir  s e ria l im p le m e n ta tio n , g iv in g  
a  brie f  ba c k g r o u n d  a n d  d e f in in g  s e v e r a l im p o rta n t c o n c e p ts , s u c h  a s  g e n e tic  
o p e r a to r s , s c h e m a ta , a n d  c o n v e r g e n c e . S e c tio n  3 .4  w ill e x tra p o la te  th e s e  c o n c e p ts  to  
p a r a lle l im p le m e n ta tio n s  o f  g e n e tic  a lg o r ith m s , e x p lo rin g  s ty le s  o f  p a r a lle lis m  a n d  
th e ir  e ff e c t o n  p e r fo r m a n c e  a n d  e f fic ie n c y . S e c tio n  3 .5  w ill d e f in e  th e  c a p a c ite d  
v e h ic le  ro u tin g  p ro ble m , u p o n  w h ic h  th e  p e r f o rm a n c e  o f th e  g e n e tic  a lg o r ith m s  w ill 
be  be n c h m a r k e d . F in a lly , s e c tio n  3 .6  w ill in tr o d u c e  th e  g r id  e n g in e  s o f tw a r e  a n d  
brie f ly  d e s c r ibe  its  f u n c tio n . 
 
A  c o m p le te  d e s c r ip tio n  o f th e  fie ld  o f  g e n e tic  a lg o r ith m s , bo th  p a r a lle l a n d  s e ria l, is  
be y o n d  th e  s c o p e  o f  th is  re v ie w . R a th e r, th e  p u rp o s e  is  to  p r o v id e  a  le v e l o f  
u n d e r s ta n d in g  a n d  ju s tific a tio n  fr o m  w h ic h  to  s e le c t a n d  im p le m e n t a p p ro p ria te  
a lg o r ith m s  to  te s t th e  h y p o th e s is  p r e s e n te d  a bo v e . 
 
3 .3 . G E N E T IC  A L G O R IT H M S  
3 .3 .1 B A C K G R O U N D  A N D  C O N C E P T U A L  O R IG IN S  
T h e  f ie ld  o f G e n e tic  A lg o rith m s  (G A s )  is  c o m m o n ly  a ttr ibu te d  to  J o h n  H . 
H o lla n d  w h o  d e v is e d  th e  c o n c e p t o f “ G e n e tic  P la n s ” , la te r  to  be c o m e  k n o w n  a s  
“ G e n e tic  A lg o r ith m s ” . H o lla n d  be lie v e d  th a t by  a p p ly in g  th e  c o n c e p t o f  e v o lu tio n  a s  
it is  fo u n d  in  n a tu r e  to  c o m p u ta tio n a l p ro ble m s , s o lu tio n s  c o u ld  be  d is c o v e r e d  in  a  
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m o re  r o bu s t f a s h io n  th a n  o th e r  te c h n iq u e s  f o r s e a r c h in g  la r g e  p r o ble m  s p a c e s  c o u ld  
p r o v id e  ( H o lla n d , 1 9 7 5 ) .  
 
G e n e tic  a lg o rith m s  a r e  s e a r c h  a n d  o p tim is a tio n  m e th o d s  ( G o ld be r g , 1 9 8 9 a ). T h e  
f u n d a m e n ta l g o a l o f  a ll g e n e tic  a lg o r ith m s  is  to  f in d  s o m e  s o lu tio n  th a t s a tis fie s  
c e rta in  c r ite r ia  a m o n g s t m a n y  o th e r le s s  e f f ic ie n t s o lu tio n s . M o s t o fte n , th e y  a r e  
a p p lie d  to  p ro ble m s  w h e r e  it is  d if fic u lt to  s e e  h o w  o n e  s o lu tio n  m a y  be  m o d if ie d  to  
p r o d u c e  a  be tte r  s o lu tio n .  
 
F o r  th e  p u r p o s e  o f th is  s e c tio n , a n  o v e rv ie w  o f  g e n e tic  a lg o r ith m s  w ill be  p r e s e n te d  
m a in ly  th r o u g h  w h a t m ig h t be  c o n s id e r e d  a  tr a d itio n a l g e n e tic  a lg o r ith m  ( D a v is , 
1 9 9 1 ) . T h a t is , o n e  w h ic h  c lo s e ly  r e s e m ble s  H o lla n d ’s  w o r k . E x te n s io n s  a n d  
m o d if ic a tio n s  to  th is  o rig in a l a p p ro a c h  a r e  n u m e ro u s  a n d  d e s ig n e d  to  m e e t v a r y in g  
g o a ls . S o m e  s u c h  v a r ia n ts  w ill be  d is c u s s e d  w h e r e  a p p r o p r ia te . 
 
3 .3 .2  T H E  B A S IC  G E N E T IC  A L G O R IT H M  
T h e  g e n e ra l c o n c e p t o f  a  g e n e tic  a lg o rith m  a p p ro a c h  is  to  r e p re s e n t s o lu tio n s  to  
th e  p ro ble m  a s  c h ro m o s o m e s , m a d e  u p  o f  in d iv id u a l g e n e s  w h ic h  in  tu r n  r e p re s e n t 
tra its  o f  th e  s o lu tio n . W ith in  th e  tr a d itio n a l a lg o r ith m , a s  p r e s e n te d  h e re , 
c h r o m o s o m e s  a r e  bin a r y  s tr in g s . A  f u n c tio n  is  th e n  d e fin e d , o fte n  r e f e r r e d  to  a s  th e  
fitn e s s  fu n c tio n , to  e v a lu a te  th e  e f f e c tiv e n e s s  o f a  g iv e n  s o lu tio n . F u r th e r  g e n e ra tio n s  
a r e  d e v e lo p e d  ba s e d  o n  c e r ta in  c r ite r ia  a n d  o p e r a tio n s  o f th e  a lg o r ith m , w ith  th e  
in te n tio n  o f  im p r o v in g  th e  v a lu e  o f s o lu tio n s . F in a lly , s o m e  te r m in a tio n  c rite r ia  w ill 
be  m e t a n d  th e  c u r re n t be s t s o lu tio n  w ill be  p r e s e n te d  a s  th e  o u tp u t o f th e  g e n e tic  
a lg o r ith m . D a v is  p r o v id e s  a  to p  le v e l d e s c r ip tio n  o f g e n e tic  a lg o rith m s  a s  th e  s e r ie s  
o f  s te p s  in  f ig u re  3 .3 .2 .1   
 
T h e  G e n e t ic  A lg o r ith m  
1 . In itia lis e  a  p o p u la tio n  o f  c h ro m o s o m e s . 
2 . E v a lu a te  e a c h  c h r o m o s o m e  in  th e  p o p u la tio n . 
3 . C r e a te  n e w  c h r o m o s o m e s  by  m a tin g  c u r re n t c h ro m o s o m e s ; a p p ly  m u ta tio n  
a n d  re c o m bin a tio n  a s  th e  p a r e n t c h r o m o s o m e s  m a te . 
4 . D e le te  m e m be r s  o f  th e  p o p u la tio n  to  m a k e  r o o m  f o r  th e  n e w  c h r o m o s o m e s . 
5 . E v a lu a te  th e  n e w  c h r o m o s o m e s  a n d  in s e rt th e m  in to  th e  p o p u la tio n . 
6 . If  tim e  is  u p , s to p  a n d  r e tu rn  th e  be s t c h ro m o s o m e ; if  n o t, g o  to  3 . 
F ig u r e  3 .3 .2 .1 :  T h e  T r a d it io n a l G e n e t ic  A lg o r it h m . A d a p t e d  f r o m  D a v is  ( 1 9 9 1 )  
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T h e r e  a re  s e v e r a l in p u t p a ra m e te r s  th a t n e e d  to  be  s p e c if ie d  w h e n  r u n n in g  a  g e n e tic  
a lg o r ith m . F o r  th e  tra d itio n a l a lg o rith m  d e s c ribe d  a bo v e , th e s e  a r e  p o p u la tio n  s iz e , 
c r o s s o v e r  r a te , m u ta tio n  r a te  a n d  n u m b e r  o f g e n e r a tio n s . In s ig h t in to  th e  p ro ble m  
d o m a in  is  u s e f u l in  s e le c tin g  v a lu e s  f o r th e s e  p a r a m e te rs  ( O s y c z k a , 2 0 0 2 ). T h is  
c h o ic e  w ill in f lu e n c e  th e  p e r fo r m a n c e  o f  th e  g e n e tic  a lg o rith m  in  fin d in g  f it s o lu tio n s  
a s  w e ll a s  th e  s p e e d  a t w h ic h  it m a y  d is c o v e r s u c h  in d iv id u a ls  ( P r a s a n n a  J o g , 1 9 8 9 ).  
 
3 .3 .3  G E N E T IC  O P E R A T O R S  
H o lla n d  p r o p o s e d  th e  f u n d a m e n ta l o p e r a to r s  o f  c r o s s o v e r , m u ta tio n , in v e r s io n  
a n d  im p lic itly  r e p lic a tio n . T h e s e  n a m e s  a r e  d ra w n  fr o m  bio lo g ic a l p ro c e s s e s  a t th e  
c e llu la r  le v e l, bu t a r e  n o t u s e d  in  e x a c tly  th e  s a m e  s e n s e s . V a r io u s  o th e r  o p e ra to rs  
h a v e  be e n  p ro p o s e d , s o m e  o f  w h ic h  e x te n d  th e s e  ba s ic  f o rm s  o r a r e  d o m a in  s p e c if ic . 
T h e  r e p lic a tio n  a n d  c r o s s o v e r o p e r a tio n s  a r e  s o m e tim e s  re f e r r e d  to  a s  p r im a r y  
o p e r a to r s  w ith  o th e r s  be in g  s e c o n d a r y  o p e r a to r s  ( K o z a , 1 9 9 2 ). T h e  c h a r a c te ris tic s  
a n d  f u n c tio n  o f e a c h  o p e r a tio n  w ill n o w  be  e x p lo re d  in  m o r e  d e ta il. 
 
O fte n  o m itte d  fr o m  th e  d e f in itio n  o f  a  g e n e tic  a lg o rith m , r e p lic a tio n  is  th e  s im p le s t 
o p e r a to r . R e p r o d u c tio n  ta k e s  a  m e m be r  f ro m  g e n e ra tio n  G x  a n d  r e p r o d u c e s  it in  
g e n e ra tio n  G x + 1 . T h is  is  a  u n a r y  o p e r a tio n , re q u irin g  th e  in p u t o f  o n ly  o n e  in d iv id u a l. 
D u e  to  its  s im p lis tic  a n d  fu n d a m e n ta l n a tu r e , r e p r o d u c tio n  is  o f te n  n o t e x p lic itly  
d e f in e d , e v e n  w h e n  it h a s  be e n  im p le m e n te d . 
 
C ro s s o v e r is  th e  p r o c e s s  o f  d e r iv in g  a  n e w  in d iv id u a l fr o m  tw o  e x is tin g  in d iv id u a ls  
by  c o m bin in g  th e ir g e n e tic  s tru c tu re . M o s t o f te n , th is  is  im p le m e n te d  by  s e le c tin g  a  
r a n d o m  p o in t w ith in  th e  tw o  p a re n t m e m be rs , bre a k in g  th e ir  c h ro m o s o m e  a t th is  
p o in t a n d  r e c o m bin in g  th e  tw o  h a lv e s  w ith  th e ir  c o rr e s p o n d in g  c o m p le m e n ts  f ro m  
th e  o th e r  p a r e n t.  
 
T o  e n s u r e  th a t th e  g e n e tic  a lg o r ith m  d o e s  n o t c o n v e r g e  to  a  lo c a l m a x im u m , th e  
m u ta tio n  o p e r a tio n  (a s  w e ll a s  v a r ia n ts  o f  it a n d  o th e r te c h n iq u e s ) c a n  be  a p p lie d  to  
in d iv id u a ls  a s  a  w a y  o f r e - in tro d u c in g  g e n e tic  d iv e r s ity  ( R o n a ld , 1 9 9 5 ) . In  its  
s im p le s t im p le m e n ta tio n , th e  m u ta tio n  o p e ra tio n  w ill ra n d o m ly  s e le c t a  g e n e  in  th e  
ta rg e t c h r o m o s o m e  a n d  X O R  it w ith  o n e . T h is  h a s  th e  e f fe c t o f f lip p in g  th e  bit v a lu e .  
 
T h e  in v e rs io n  o p e r a to r r e v e rs e s  th e  o r d e rin g  o f  a  s u bs e c tio n  o f  th e  c h r o m o s o m e  in  a n  
e f fo r t to  brin g  g e n e s  w ith  c h a r a c te ris tic s  w h ic h  a r e  be n e fic ia l to  th e  fitn e s s  o f  th e  
c h r o m o s o m e  in to  c lo s e  p ro x im ity . T h is  r e d u c e s  th e  p ro ba bility  o f  th e s e  g e n e s  be in g  
s p lit by  th e  c ro s s o v e r  o p e ra tio n  a n d  h e n c e  lo w e rin g  th e  f itn e s s  o f  f u tu r e  o ff s p r in g . 
T h e  u s e fu ln e s s  o f  th e  in v e r s io n  o p e ra to r  h a s  be e n  q u e s tio n e d  a n d  n e v e r  c o n c lu s iv e ly  
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p r o v e n  (D a v is , 1 9 9 1 ; G o ld be r g , 1 9 8 9 a ). It is  o f te n  o m itte d  to  s im p lif y  
im p le m e n ta tio n  o f th e  g e n e tic  a lg o r ith m , a s  its  in c lu s io n  r e q u ir e s  a  lo c u s  in d e p e n d e n t 
r e p re s e n ta tio n  s c h e m e .2  T h e  in v e rs io n  o p e r a tio n  is  e x p e c te d  to  be  o f  m o r e  u s e  f o r  
r e p re s e n ta tio n  s c h e m e s  s e v e ra l o rd e r s  o f m a g n itu d e  g re a te r th a n  th o s e  c u rr e n tly  u s e d  
( D a v is , 1 9 9 1 ) . 
 
S e v e r a l m o re  a d v a n c e d  o p e ra to rs  e x is t th a t a re  n o t u s e d  w ith in  th e  tra d itio n a l g e n e tic  
a lg o r ith m , bu t r a th e r  a r e  d e v is e d  to  c o p e  w ith  m o r e  e la bo r a te  r e p r e s e n ta tio n  s c h e m e s . 
S u c h  a  s c h e m e  m a y  be  r e q u ire d  in  a  c o m p le x  p r o ble m , o r  to  m o re  n a tu ra lly  r e p re s e n t 
a  s o lu tio n .  
 
O n e  s u c h  o p e r a to r  is  th a t o f  th e  P a r tia lly  M a tc h e d  C r o s s o v e r , p r o p o s e d  by  G o ld be r g  
a n d  L in g le  ( 1 9 8 5 ). T h is  o p e r a to r  is  d e s ig n e d  to  d e a l w ith  re p r e s e n ta tio n  s c h e m e s  
w h e r e  in f o r m a tio n  is  e n c o d e d  v ia  o rd e r in g  a n d  e a c h  c h r o m o s o m e  m u s t h a v e  a  f u ll 
g e n e  c o m p lim e n t. In  th is  s c h e m e , a  c ro s s o v e r s e c tio n  is  d e f in e d  a n d  s w a p p e d  
be tw e e n  tw o  p a re n t c h ro m o s o m e s ; th e  d u p lic a te d  g e n e s  in  th e  c h ild re n  a r e  
e x c h a n g e d  to  d e f in e  tw o  c h ild r e n  w ith  c o m p le te  g e n e  c o m p lim e n ts . S u c h  a n  o p e r a to r  
m ig h t be  u s e f u l in  a  tr a v e llin g  s a le s m a n  p ro ble m , w h e re  a ll c itie s  m u s t be  v is ite d  (a ll 
c h r o m o s o m e s  m u s t h a v e  a  fu ll g e n e  c o m p lim e n t). W ith in  s u c h  a  p ro ble m  th e  
in fo r m a tio n  o f th e  s o lu tio n  is  e n c o d e d  in  th e  o r d e rin g  o f c itie s  ra th e r th a n  th e ir  
p r e s e n c e  o r  o th e r w is e . 
 
O th e r  a d v a n c e d  o p e r a to r s  a r e  o fte n  m o d if ie d  v e r s io n  o f  th e  ba s ic  o n e s  d e s c ribe d  
h e r e . F o r e x a m p le , G o ld be r g  (1 9 8 9 a )  e x p la in s  a  m o d ifie d  v e r s io n  o f  th e  c r o s s o v e r  
o p e r a tio n  to  d e a l w ith  a  r e p re s e n ta tio n  s c h e m e  th a t a llo w s  fo r  c h ro m o s o m e s  o f  
v a r y in g  le n g th . T h is  m o d if ie d  o p e ra to r s im p ly  a d d s  th e  s te p  o f  a lig n m e n t to  a llo w  f o r 
th e  s e le c tio n  o f c r o s s o v e r  p o in t w ith in  th e  tw o  v a ria ble  le n g th  s tr u c tu r e s . 
 
3 .3 .4  P A R E N T  S E L E C T IO N  
T h e  o p e r a tio n  o f d e te r m in in g  p a r e n ts  fr o m  a  p o p u la tio n  f o r r e p ro d u c tio n  is  
c r u c ia l f o r  e m u la tin g  th e  n a tu ra l s e le c tio n  p r o c e s s . T h a t is , th e  p u r p o s e  o f th is  
o p e r a tio n  is  to  id e n tif y  p a re n ts  w ith  a  bia s  to w a r d s  th o s e  w ith  a  h ig h e r f itn e s s  (D a v is , 
1 9 9 1 ) .  W ith o u t th is  bia s  th e  a lg o r ith m  w o u ld  p e rf o r m  n o  be tte r  th a n  a  r a n d o m  
s e a rc h . T h is  s e le c tio n  fo c u s e s  th e  s e a r c h  o n  a r e a s  o f  th e  p r o ble m  s p a c e  th a t a p p e a r  to  
c o n ta in  p r o m is in g  s o lu tio n s  ( V a m p le w , 2 0 0 4 ). 
 
                                                 
2  T h a t is , a  s c h e m e  w h e r e  th e  m e a n in g  o f th e  g e n e  is  n o t d e te r m in e d  fr o m  its  lo c a tio n  in  th e  
c h r o m o s o m e  
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A  c o m m o n ly  a p p lie d  s e le c tio n  s c h e m e  is  th a t o f  R o u le tte  W h e e l s e le c tio n . A s  
d e s c ribe d  by  G o ld be r g  ( 1 9 8 9 a ) a n d  D a v is  ( 1 9 9 1 ), th is  s e le c tio n  s c h e m e  is  a n a lo g o u s  
to  a s s ig n in g  a  p o r tio n  o f a  r o u le tte  w h e e l to  e a c h  in d iv id u a l ba s e d  o n  th e ir  f itn e s s  
( fitte r  in d iv id u a ls  re c e iv in g  g r e a te r s lic e s ). T h e  s e le c tio n  is  th e n  a c h ie v e d  by  
‘ s p in n in g ’ th is  h y p o th e tic a l w h e e l a n d  p ic k in g  a n  in d iv id u a l ba s e d  o n  w h e r e  th e  
w h e e l s to p s . M o re  m a th e m a tic a lly , e a c h  in d iv id u a l is  a s s ig n e d  a  s e g m e n t o f  th e  
n u m be r lin e  { 0 ..1 }  p r o p o r tio n a l to  th e ir  fitn e s s ; a  r a n d o m  n u m be r in  { 0 ..1 }  is  th e n  
c h o s e n  w h ic h  s e le c ts  o n e  in d iv id u a l. 
 
W h ite ly  ( 1 9 8 9 )  e x p la in s  h o w  s e le c tio n  s o  tig h tly  tie d  to  fitn e s s  c a n  c a u s e  th e  
a lg o r ith m  to  s ta g n a te  o r  p re m a tu r e ly  c o n v e r g e  d u e  to  e ith e r  a  la c k  o r o v e r s u p p ly  o f  
s e le c tiv e  p r e s s u r e  r e s p e c tiv e ly . H e  in s te a d  a d v o c a te s  th e  u s e  o f  r a n k  ba s e d  s e le c tio n , 
w h e r e  e a c h  in d iv id u a l is  r a n k e d  ba s e d  o n  th e ir  fitn e s s  a n d  e a c h  r a n k  is  a s s ig n e d  a  
c e rta in  n u m be r  o f r e p ro d u c tiv e  tr ia ls . 
 
F o r  a  m o r e  th o r o u g h  e x p lo ra tio n  o f  s e le c tio n  a n d  its  e ff e c ts  o n  e ff ic ie n c y  a n d  
e f fe c tiv e n e s s  o f  g e n e tic  a lg o r ith m s , th e  re a d e r  is  r e fe r re d  to  (D a v is , 1 9 9 1 ; G o ld be r g , 
1 9 8 9 a ; K o z a , 1 9 9 2 ). F o r  f u rth e r e x p la n a tio n  o f a n o th e r c o m m o n  s e le c tio n  s c h e m e , 
n a m e ly  T o u r n a m e n t S e le c tio n , th e  re a d e r is  re f e r r e d  to  (G o ld be r g  &  D e b, 1 9 9 1 ) . 
 
3 .3 .5  S C H E M A T A  
H o lla n d  p r o p o s e d  th e  c o n c e p t o f  s c h e m a ta  a s  a  w a y  o f  g ro u p in g  c h r o m o s o m e s  
w ith  s im ila ritie s  (H o lla n d , 1 9 7 5 ). T h e  f o llo w in g  r e p re s e n ta tio n  o f th e  s c h e m a  
th e o re m  is  d e riv e d  f ro m  T o m a s s in i’ s  n o ta tio n  ( T o m a s s in i, 1 9 9 5 ) . H o lla n d ’ s  S c h e m a  
T h e o r e m  s ta te s  th a t if  th e  c h a n c e  o f r e p r o d u c tio n  is  p r o p o rtio n a l to  c h r o m o s o m e  
f itn e s s , th e n  th e  n u m be r o f  in d iv id u a ls   re p r e s e n ta tiv e  o f a  s c h e m a   a t tim e   is  
r e la te d  to  th a t a t tim e  +  a s  fo llo w s :  
(, +) = (,)(()/(()))  
w h e r e  () is  th e  a v e r a g e  f itn e s s  o f  c h ro m o s o m e s  in  th e  p o p u la tio n  a n d  () is  th e  
a v e ra g e  f itn e s s  o f  th o s e  c h r o m o s o m e s  in  th e  p o p u la tio n  w h ic h  c o n ta in  th e  s c h e m a  in  
q u e s tio n  ( D a v is , 1 9 9 1 ; G o ld be rg , 1 9 8 9 a ; H o lla n d , 1 9 7 5 ) . 
 
T h e  im p o r ta n c e  o f  th e  r e s u lt is  th a t H o lla n d ’s  S c h e m a  T h e o r e m  p ro v e s  th a t a  g e n e tic  
a lg o r ith m  a llo c a te s  e x p o n e n tia lly  m o r e  tr ia ls  to  f itte r s c h e m a ta  (T o m a s s in i, 1 9 9 5 ). 
T h is  c o n c e p t u n d e rp in s  th e  r a tio n a le  f o r th e  e ff e c tiv e n e s s  o f  g e n e tic  a lg o r ith m s  a s  
w e ll a s  th e  is s u e  o f c o n v e r g e n c e , bo th  to  be  e x p lo re d  in  m o r e  d e ta il in  s e c tio n s  3 .3 .6  
a n d  3 .3 .7  r e s p e c tiv e ly . 
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T h e  f u ll e q u a tio n , w h ic h  a ls o  in c lu d e s  th e  e f fe c ts  o f  th e  m u ta tio n  a n d  c r o s s o v e r  
o p e r a to r s , is  in c lu d e d  fo r  r e fe r e n c e . A  c o m p le te  e x p lo r a tio n  o f th e  s c h e m a  th e o re m  is  
be y o n d  th e  s c o p e  o f  th is  re v ie w , bu t r e f e r to  (H o lla n d , 1 9 7 5 ) a n d  ( G o ld be r g , 1 9 8 9 a )  
f o r a  m o re  c o m p le te  tr e a tm e n t o f  th is  f u n d a m e n ta l c o n c e p t. T h e  c o m p le te  s c h e m a  
th e o re m  is  a s  fo llo w s : 
 
(, + )   (,)(()/(())) [ - (	(•()/(
-))) – ()] 
 
W h e r e   - ()	 re p r e s e n ts  th e  p r o ba bility  o f a  s c h e m a   s u rv iv in g  m u ta tio n  a n d   
-(	(•()/(
-))) re p r e s e n ts  th e  d is ru p tio n  o f  s c h e m a  by  c ro s s o v e r, p r o p o r tio n a l to  
s c h e m a  le n g th . 
 
T h e r e  is , h o w e v e r , a  m a jo r  c a v e a t: th e  s c h e m a  th e o r e m  r e lie s  u p o n  th e  g e n e tic  
a lg o r ith m  h o ld in g  to  th e  f u n d a m e n ta l d e s ig n , in v o lv in g  ju s t th e  lim ite d  s e t o f  
o p e r a to r s . S h o u ld  th e  a lg o r ith m  n o t c o n f o rm  to  th e s e  s p e c if ic a tio n s , th e  th e o r e m  is  
le s s  a p p lic a ble  ( A lte n be r g , 1 9 9 5 ; T o m a s s in i, 1 9 9 5 ) . G o ld be r g  ( 1 9 8 9 a ) p r o v id e s  
f u rth e r e x p lo r a tio n  o f th e  s c h e m a  th e o r e m  a n d  e la bo ra te s  u p o n  th e  bu ild in g  blo c k  
h y p o th e s is  w h ic h  u n d e r p in s  it. 
 
3 .3 .6  S U C C E S S  O F  G E N E T IC  A L G O R IT H M S  
V a r io u s  a r g u m e n ts  h a v e  be e n  p r e s e n te d  a s  to  w h y  th is  n o n - d e te r m in is tic  
a p p r o a c h  c a n  p r o d u c e  e f f e c tiv e  r e s u lts  in  h ig h ly  c o m p le x , n o n -lin e a r  p ro ble m  s p a c e s . 
K o z a  ( 1 9 9 2 )  s ta te s  th a t G e n e tic  A lg o r ith m s  v io la te  m a n y  o f  th e  f u n d a m e n ta l 
p r in c ip le s  e s ta blis h e d  in  s o lv in g  p r o ble m s  u s in g  A rtif ic ia l In te llig e n c e  a s  w e ll a s  
o th e r d is c ip lin e s  o f n o t o n ly  c o m p u tin g  bu t v a r io u s  fie ld s  o f  s c ie n c e .  
 
H o lla n d ’s  ju s tific a tio n  fo r  th e  s u c c e s s  o f  g e n e tic  a lg o r ith m s  r e v o lv e s  a ro u n d  h is  
s c h e m a  th e o r e m . H e  s ta te s  th a t th e  a lg o r ith m s  w o rk  by  c r e a tin g  c o m bin a tio n s  o f 
g e n e s  in  th e  c h r o m o s o m e s  w h ic h  c o n tr ibu te  fa v o u r a bly  to  its  fitn e s s . H e n c e  th e s e  
c o m bin a tio n s  w ill lik e ly  be  r e p ro d u c e d  in  th e  n e x t g e n e r a tio n . T h is  is  th e  ba s is  fo r  
h is  in v e r s io n  o p e ra tio n , w h ic h  is  in te n d e d  to  be  a  w a y  o f  brin g in g  c e r ta in  g e n e s  
w ith in  c lo s e  p r o x im ity  to  e a c h  o th e r. T h is  in c r e a s e s  th e  p ro ba bility  o f  th e  
c o m bin a tio n  s u r v iv in g  to  th e  n e x t g e n e r a tio n  (H o lla n d , 1 9 7 5 ).  
 
T h e r e  h a s  be e n  s ig n if ic a n t d e ba te  in to  th e  v a lid ity  o f th e  S c h e m a  T h e o r e m  h o w e v e r  
a n d  s o m e  be lie v e  th a t it p r o v id e s  n o  v a lid a tio n  f o r th e  s u c c e s s  o f g e n e tic  a lg o rith m s . 
N e v e r th e le s s , th e  e m p iric a l d a ta  w h ic h  e x is ts  d e m o n s tr a te s  th a t G e n e tic  A lg o rith m s  
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d o  w o rk . W h ile  m a n y  a r g u e  a s  to  th e  s u c c e s s  o f th e  s c h e m a  th e o r e m  in  c a p tu r in g  th e  
f u n d a m e n ta l r e a s o n s , it is  e s s e n tia lly  a c c e p te d  by  a ll th a t th e  a p p r o a c h  is  s u c c e s s fu l 
( K o z a , 1 9 9 2 ) . D is c u s s io n  o n  fo r m a lly  p r o v in g  th e  e f fe c tiv e n e s s  o f  g e n e tic  a lg o r ith m s  
is  o n g o in g  a n d  m a n y  v a r y in g  p e r s p e c tiv e s  h a v e  be e n  o ff e r e d . A lte n be r g  (1 9 9 5 )  
e x a m in e s  s o m e  o f  th e s e  in  h is  p a p e r  a n d  p re s e n ts  a n  a lte r n a tiv e  th e o r e m  f o r 
e x p la in in g  th e  s u c c e s s  o f  g e n e tic  a lg o rith m s . 
 
G o ld be r g  c a te g o ris e s  p o s s ible  s e a rc h  a lg o rith m s  a s  be lo n g in g  to  ro u g h ly  th re e  
g r o u p s : c a lc u lu s -ba s e d , e n u m e r a tiv e  a n d  “ r o bu s t”  s e a rc h  te c h n iq u e s . C a lc u lu s -ba s e d  
s e a rc h  te c h n iq u e s 3  a r e  h ig h ly  e f fe c tiv e  w ith in  a  lim ite d  d o m a in , bu t p e r fo r m  v e r y  
p o o r ly  in  g e n e ra l. In  a d d itio n , th e y  a r e  n o t r e a d ily  a p p lic a ble  to  c o m bin a to r ia l 
p r o ble m s 4  ( V a m p le w , 2 0 0 4 ). E n u m e r a tiv e  a p p r o a c h e s  p e r f o rm  e q u a lly  w e ll in  a ll 
d o m a in s , bu t a r e  o f lim ite d  s u c c e s s  o n  g e n e ric  p r o ble m s . G e n e tic  a lg o r ith m s  th e n  a re  
a n  a tte m p t to  a tta in  th e  p e r f o r m a n c e  c h a r a c te r is e d  by  th e  “ r o bu s t”  s e a rc h  te c h n iq u e s . 
T h a t is , s o m e w h a t s a c rif ic e d  p e r f o r m a n c e  in  a  lim ite d  d o m a in , f o r o v e r a ll g o o d  
p e r fo r m a n c e  ( G o ld be r g , 1 9 8 9 a ) . F ig u r e  3 .3 .6 .1  s h o w s  th is  h y p o th e tic a l e ff ic ie n c y  
v e r s u s  p r o ble m  ty p e  r e la tio n s h ip . D e  J o n g  ( 1 9 7 5 ) d e m o n s tr a te s  h o w  g e n e tic  
a lg o r ith m s  o u t- p e rf o r m  r a n d o m  s e a r c h  by  m a k in g  u s e  o f  p re v io u s ly - le a r n e d  
in fo r m a tio n  a n d  a v o id  th e  p r o ble m  o f  lo c a l m a x im a  by  s e a r c h in g  th e  p r o ble m  s p a c e  
f ro m  a  n u m be r  o f  d if fe r e n t p o in ts .  
 
F ig u r e  3 .3 .6 .1 :  A  h y p o t h e t ic a l r e p r e s e n t a t io n  o f  a lg o r it h m  e f f ic ie n c y  p lo t t e d  a g a in s t  p r o b le m  
t y p e  ( G o ld b e r g , 1 9 8 9 a ) .    
 
                                                 
3  S u c h  a s  H ill C lim bin g  o r  G r a d ie n t D e s c e n t 
4  C o m bin a to r ia l P r o ble m s  a r e  th o s e  w ith in  w h ic h  s o lu tio n s  a r e  fo u n d  by  m a k in g  a  n u m be r  o f 
in te r d e p e n d e n t c h o ic e s . 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
1 0  
3 .3 .7  C O N V E R G E N C E  IN  S E R IA L  G E N E T IC  A L G O R IT H M S  
C o n v e r g e n c e  r e f e r s  to  th e  s itu a tio n  w h e r e  g e n e tic  d iv e r s ity  is  lo s t in  a  p o p u la tio n  
a n d  m a n y  o f  th e  in d iv id u a ls  a r e  o f s im ila r  g e n e tic  s tr u c tu r e . In  th e  c o n te x t o f th e  
s e a rc h  s p a c e , th is  m e a n s  th a t th e  g e n e tic  a lg o r ith m  h a s  p r o d u c e d  m a n y  s o lu tio n s  th a t 
a r e  a lm o s t e x a c tly  th e  s a m e . V is u a lly  r e p r e s e n te d , th e  p o p u la tio n  is  c lu s te r e d  a r o u n d  
a  s in g le  o r s m a ll n u m be r  o f  p o in ts , o fte n  lo c a l m a x im a . G e n e r a lly  th is  is  a n  
u n d e s ir a ble  c o n d itio n , a s  it m e a n s  th e  a lg o rith m  h a s  be e n  r e s tr ic te d  to  a  v e r y  lim ite d  
s e c tio n  o f th e  p ro ble m  s p a c e  ( H o lla n d , 1 9 7 5 ) . It h a s  be e n  s h o w n  th a t e litis t s e le c tio n  
s tra te g ie s , w h e r e  th e  be s t in d iv id u a l ( o r  in d iv id u a ls ) o f  g e n e ra tio n  	a re  
a u to m a tic a lly  in c lu d e d  in to  g e n e ra tio n  + , c a n  c a u s e  p r e m a tu r e  c o n v e r g e n c e  ( D a v is , 
1 9 9 1 ) . G o ld be r g  ( 1 9 8 9 a ) n o te s  th a t e litis m  im p ro v e s  lo c a l s e a r c h  bu t d e g r a d e s  th e  
g lo ba l s e a rc h  c a p a bility  o f  th e  a lg o rith m . A s  s ta te d  a bo v e , m u c h  o f  th e  r o bu s tn e s s  
c h a ra c te ris e d  by  g e n e tic  a lg o rith m s  is  d e r iv e d  f ro m  th e ir  a bility  to  s p r e a d  s e a r c h  
p o in ts  bro a d ly  th ro u g h o u t th e  p r o ble m  s p a c e . A  n a rr o w in g  o f  th is  bro a d  a p p r o a c h  is  
d e trim e n ta l to  th e  c a p a bility  o f  th e  g e n e tic  a lg o r ith m  to  e f fe c tiv e ly  s e a r c h  th e  
p r o ble m  s p a c e .  
 
T h e  r e a s o n  f o r  s u c h  c o n v e r g e n c e  is  th e  a llo c a tio n  o f  tr ia ls  to  m e m be r s  o f th e  
p o p u la tio n  th a t p e rf o rm  w e ll ba s e d  o n  th e  f itn e s s  e v a lu a tio n . D a v is  (1 9 9 1 )  a n d  
G o ld be r g  (1 9 8 9 a )  d is c u s s  th e  tw o - a rm  a n d  k -a r m  ba n d it p ro ble m s 5   w h ic h  c a n  be  
u s e d  to  e x p la in  c o n v e r g e n c e . B rie fly , th e  p r o ble m  s ta te s  th a t th e r e  is  a  s lo t m a c h in e , 
w ith  tw o  ‘a r m s ’ . T h e  u s e r d o e s  n o t k n o w  w h ic h  a r m  w ill p r o d u c e  th e  g r e a te s t 
w in n in g s , bu t o n e  w ill y ie ld  th e  o p tim a l re w a r d  ( c a ll it th e  ‘ ja c k p o t’) . T h e  p r o ble m  
th e n  is  h o w  to  a llo c a te  tria ls  in  s u c h  a  w a y  th a t th e  a rm  w h ic h  a p p e a r s  to  be  be s t is  
u s e d  m o s t, bu t th e  o th e r  a rm  is  n o t c o m p le te ly  n e g le c te d , in  c a s e  it d o e s  e v e n tu a lly  
p r o v e  to  h o ld  th e  ‘ ja c k p o t’. T h is  r e p r e s e n ts  a  fu n d a m e n ta l is s u e  in  a d a p tiv e  s y s te m s , 
n a m e ly  ba la n c in g  e x p lo r a tio n  a g a in s t e x p lo ita tio n  o f  a lr e a d y  k n o w n  in fo r m a tio n  
( G o ld be r g , 1 9 8 9 a ) . 
 
G e n e r a lis in g  th e  p ro ble m  to  k  p o s s ible  ‘a r m s ’ , o n e  c a n  s e e  h o w  th is  a p p lie s  to  
s e le c tio n  in  g e n e tic  a lg o r ith m s . C o n v e r g e n c e  o c c u r s  w h e n  th e  s o lu tio n  th a t a p p e a r s  
to  be  th e  be s t is  c o n s ta n tly  be in g  a llo c a te d  tria ls , w h ile  o th e r  s o lu tio n s  a r e  n e g le c te d  
e v e n  th o u g h  th e y  m a y  u ltim a te ly  le a d  to  th e  o p tim a l s o lu tio n . H o lla n d  ( 1 9 7 5 ) a n d  
D e - J o n g  (1 9 7 5 )  p r e s e n t th is  a s  a llo c a tio n  o f  tria ls  to  s c h e m a  w ith in  th e  g e n e tic  
a lg o r ith m .   
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O n e  c a n  a ls o  d r a w  c o m p a ris o n  to  th e  c o n c e p t o f  g re e d y  a lg o rith m s , w h ic h  fo llo w  th e  
‘be s t n e x t s te p ’ a p p r o a c h  a n d  c a n  m is s  g lo ba l o p tim a  if  th e y  a r e  s u r ro u n d e d  by  
m in im a  in  th e  s e a rc h  s p a c e . A lth o u g h  n o t a ff lic te d  by  th is  p a r tic u la r  is s u e , p r e m a tu re  
c o n v e r g e n c e  c a n  r e s u lt in  g e n e tic  a lg o r ith m s  e x h ibitin g  s im ila r  c h a r a c te r is tic s . T h e y  
a r e  u n a ble  to  r e a c h  th e  o p tim a  be c a u s e  it is  n o t a s s o c ia te d  w ith  th e  c u r re n tly  f o u n d  
be s t s o lu tio n , w h ic h  is  d o m in a tin g  th e  s e a r c h . 
 
M a n y  a p p ro a c h e s  h a v e  be e n  in tr o d u c e d  to  th e  g e n e tic  a lg o r ith m  d e s ig n  to  c o n tro l 
c o n v e r g e n c e , m o s tly  th r o u g h  th e  u s e  o f  m e ta - in fo r m a tio n  g a th e r e d  a s  th e  a lg o r ith m  
is  ru n n in g  (D a v id o r , 1 9 9 1 ; D e -J o n g , 1 9 7 5 ; G o ld be r g  &  D e b, 1 9 8 9 ) . S u c h  a p p ro a c h e s  
m o s t o f te n  f o c u s  o n  lo w e r in g  th e  s p e e d  o f  c o n v e r g e n c e  to  a llo w  a  m o re  th o r o u g h  
s e a rc h  o r  m o d if y in g  th e  s e le c tio n  s c h e m e  to  r e la x  s e le c tiv e  p r e s s u r e  ( L in , G o o d m a n , 
&  P u n c h - I I I, 1 9 9 4 ) . A v o id in g  c o n v e r g e n c e  by  m a in ta in in g  g e n e tic  d iv e r s ity  a llo w s  
th e  a lg o r ith m  to  d is tr ibu te  th e  s e a r c h  w id e ly  th ro u g h  th e  p r o ble m  s p a c e . T h is  
im p r o v e s  th e  r o bu s tn e s s  o f th e  a lg o r ith m  a n d  in c r e a s e s  th e  p ro ba bility  a n d  s p e e d  by  
w h ic h  a n  o p tim a l s o lu tio n  is  f o u n d . 
 
3 .4 . P A R A L L E L  G E N E T IC  A L G O R IT H M S  
It is  c o m m o n ly  a c c e p te d  th a t g e n e tic  a lg o r ith m s  r e p re s e n t a  h ig h ly  p a r a lle l s e a r c h  
m e c h a n is m . A s  s u c h , th e  im p le m e n ta tio n  o f  th e s e  a lg o r ith m s  u p o n  p a r a lle l o r  
d is tr ibu te d  te c h n o lo g y  w o u ld  a llo w  f o r a  m o re  n a tu ra l a n d  c o m p le te  e x p lo ita tio n  o f 
th e ir  p o w e r  ( H o lla n d , 1 9 7 5 ; S p ie s s e n s  &  M a n d e r ic k , 1 9 9 1 ; W h itle y , 1 9 9 3 ) . P a r a lle l 
im p le m e n ta tio n s  a ls o  a llo w  f o r th e  a p p lic a tio n  o f G A s  to  m o r e  c o m p le x  p ro ble m s  
th a n  w o u ld  be  p o s s ible  w ith  a  s e r ia l a p p ro a c h , d u e  to  im p ro v e m e n ts  in  c o m p u ta tio n a l 
e f fic ie n c y  a n d  s p e e d . 
 
3 .4 .1 A L G O R IT H M  M O D E L S  
V a r io u s  m o d e ls  h a v e  be e n  p ro p o s e d  to  a d a p t th e  ba s ic  G e n e tic  A lg o r ith m  to  r u n  
o n  p a r a lle l h a r d w a r e . In  g e n e ra l, it is  n o t p o s s ible  to  d is tin c tly  c a te g o ris e  th e s e  
m o d e ls , a s  m a n y  im p le m e n t te c h n iq u e s  f ro m  v a rio u s  s ty le s  o f  g e n e tic  a n d  p a ra lle l 
g e n e tic  a lg o r ith m s . F o r  th e  p u rp o s e s  o f th is  r e v ie w  th e n , d iff e r e n t te c h n iq u e s  a n d  
a p p r o a c h e s  w ill be  o u tlin e d  w ith  r e f e r e n c e  to  th e ir  e ff e c ts  o n  a c c u ra c y  a n d  e ff ic ie n c y  
o f  th e  a lg o rith m . T h e  c o m p a r is o n  o f  s e p a ra te  te c h n iq u e s  in  p a ra lle l g e n e tic  
a lg o r ith m s  is  c o m p lic a te d  by  th e  c h a n g e s  to  th e  f u n d a m e n ta l o p e r a tio n  w h ic h  a re  
in tr o d u c e d  by  v a r io u s  m o d ific a tio n s . T o  th is  e n d , it is  im p o r ta n t to  e x p lic itly  s ta te  
w h a t c h a r a c te ris tic s  o f  th e  a lg o rith m  a r e  be in g  c o m p a r e d , fo r  e x a m p le  q u a lity  o f 
s o lu tio n  (C a n t'u -P a z , 1 9 9 7 ) . 
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E a c h  a p p r o a c h  h a s  c h a ra c te ris tic s  w h ic h  m a y  o r m a y  n o t be  f a v o u r a ble  to  c e r ta in  
a p p lic a tio n s . A s  G o ld be r g  s ta te s , a  g e n e ra l p u rp o s e  a lg o r ith m  th a t c a n  be  a p p lie d  
a c ro s s  a  la r g e  n u m be r  o f  d o m a in s  w ith  g o o d  p e r fo r m a n c e  is  d e s ir a ble . H o w e v e r , 
th e re  a lw a y s  e x is ts  th e  a bility  to  ta ilo r th e  a lg o r ith m  to  a  s p e c if ic  a p p lic a tio n  by  th e  
u s e  o f h e u r is tic s  a n d  s im ila r  d o m a in  s p e c ific  k n o w le d g e  to  im p r o v e  p e r f o r m a n c e . 
T h e  k e y  h e r e  is  to  be  a w a re  th a t s u c h  a  n a r r o w in g  o f th e  a lg o r ith m ’s  f o c u s  m e a n s  
th a t th e  ro bu s tn e s s  in h e r e n t in  th e  c o n c e p t o f g e n e tic  a lg o rith m s  is  lo s t. S u c h  s e a r c h  
a lg o r ith m s  a r e  r e d ir e c te d  ba c k  to w a rd s  c a lc u lu s -ba s e d  a n d  s im ila r a p p r o a c h e s  
( G o ld be r g , 1 9 8 9 c ) . 
 
3 .4 .2  D E S IG N  G O A L S   
T o  d e s ig n  a  P a r a lle l G e n e tic  A lg o r ith m  ( P G A ) th a t c a n  ta k e  a d v a n ta g e  o f th e  
d is tr ibu te d  n a tu r e  o f G A s  it is  n e c e s s a r y  to  d is tribu te  th e  w o r k lo a d  a c ro s s  m u ltip le  
p r o c e s s o r s . B a s e d  o n  th e  g r a n u la rity , th is  m a y  c o n s titu te  la r g e  a lm o s t in d e p e n d e n t 
p o p u la tio n s  o r s m a lle r  m o re  in te r a c tin g  p o p u la tio n s . T h e  m e th o d  o f  im p le m e n ta tio n  
a n d  c o n tr o l o f th e  g e n e tic  a lg o rith m  w ill in f lu e n c e  h o w  m u c h  d a ta  n e e d s  to  be  
e x c h a n g e d  be tw e e n  th e  p ro c e s s o rs  a n d  w h e th e r a  m a s te r  p ro c e s s o r n e e d  be  
d e s ig n a te d .  
 
G o r g e s -S c h le u te r  ( 1 9 8 9 ) s ta te s  th a t to  a c h ie v e  a n  e f fic ie n t p a r a lle l im p le m e n ta tio n , 
th e  fo llo w in g  n e e d  to  be  s a tis f ie d : n o  c e n tr a l c o n tr o l, lo c a l in te ra c tio n  a n d  f a u lt 
to le r a n c e . S p ie s s e n s  a n d  M a n d e ric k  (1 9 8 9 ; 1 9 9 1 )  a ls o  a r g u e  f o r  th e  g lo ba l c o n tro l 
s tru c tu re s  o f a  G A  to  be  e lim in a te d . T h e y  c ite  th e  d e p e n d e n c e  o f re p r o d u c tiv e  
m e c h a n is m s  o n  k n o w in g  th e  a v e r a g e  f itn e s s  o f th e  p o p u la tio n  a s  a  d r a w ba c k  to  
d e v e lo p in g  p a ra lle l G a s . T h is  is  be c a u s e  it r e q u ir e s  c o n s ta n t in f o rm a tio n  e x c h a n g e  
be tw e e n  p ro c e s s o rs /p o p u la tio n s . C o llin s  a n d  J e ff e rs o n  ( 1 9 9 1 ) a g r e e , s ta tin g  th a t 
n a tu ra l s y s te m s  h a v e  n o  s u c h  g lo ba l c o n tro l. T h e y  c o n tin u e  by  s h o w in g  th a t a p p ly in g  
a p p r o p ria te  p o p u la tio n  d y n a m ic s 6 , th e  e f f e c ts  a ff o r d e d  by  s u c h  c o n tro ls  a re  s h o w n  to  
be  e m e r g e n t be h a v io u r. It h a s  a ls o  be e n  G o ld be r g ’ s  ( 1 9 8 9 c ) f in d in g  th a t a tte m p ts  to  
o v e r -c o n tro l o r  o v e r - s p e c ia lis e  th e  a lg o r ith m s  le a d  to  a  r e d u c tio n  in  r o bu s tn e s s . S u c h  
a r g u m e n ts  a ls o  im p lic itly  p ro m o te  th e  u s e  o f  s te a d y - s ta te  a lg o rith m s , a s  th e  s tric tly  
e n f o rc e d  g e n e ra tio n s  o f  a  tr a d itio n a l a p p ro a c h  a r e  a ls o  a rtific ia l. 
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3 .4 .3  P O P U L A T IO N  G R A N U L A R IT Y  
3 .4 .3 .1. G L O B A L  P A R A L L E L IS A T IO N  
T h e  s im p le s t a p p ro a c h  to  im p le m e n tin g  a  p a r a lle l g e n e tic  a lg o rith m  is  to  
m a in ta in  th e  s in g le  la r g e  p o p u la tio n  o f  a  s e r ia l a lg o r ith m  bu t d is tr ibu te  th e  
c o m p u ta tio n  o f  fitn e s s  a n d  a p p lic a tio n  o f th e  g e n e tic  o p e r a to r s  a c ro s s  m u ltip le  
p r o c e s s o r s . T h is  a p p r o a c h  is  e a s y  to  im p le m e n t, bu t a s  it le a v e s  th e  be h a v io u r  o f  th e  
a lg o r ith m  u n c h a n g e d , d o e s  n o t a ff o rd  a n y  im p ro v e m e n t in  p re m a tu r e  c o n v e r g e n c e . A  
p o te n tia l d r a w ba c k  to  th is  a p p r o a c h  is  th e  e x c e s s iv e  c o m m u n ic a tio n  n e e d e d  be tw e e n  
p r o c e s s o r s . E v a lu a tio n  o f  f itn e s s  a n d  p r o d u c tio n  o f  th e  n e x t g e n e r a tio n  re q u ire s  
in fo r m a tio n  a bo u t a ll in d iv id u a ls  w ith in  th e  p o p u la tio n , r e q u ir in g  a ll p r o c e s s o r s  to  
e x c h a n g e  la r g e  a m o u n ts  o f  d a ta  f o r e v e r y  g e n e ra tio n . T h is  c a n  c a u s e  a  bo ttle n e c k  in  
th e  s y s te m , lim itin g  im p r o v e m e n ts  in  c o m p u ta tio n a l s p e e d  ( C a n t'u - P a z , 1 9 9 7 ) . 
 
3 .4 .3 .2 . C O A R S E -G R A IN E D  
C o n s id e r a  s ta r tin g  p o in t f o r p a r a lle lis in g  a  g e n e tic  a lg o r ith m  a s  ta k in g  a  s ta n d a r d  
G A  a s  d e s c r ibe d  in  s e c tio n  3 .3 .2  a n d  r u n n in g  th is  a lg o rith m  in  p a ra lle l o n  m u ltip le  
p r o c e s s o r s . F ro m  tim e  to  tim e , th e  p a ra lle l p ro c e s s o r s  w o u ld  e x c h a n g e  in f o r m a tio n , 
a n d /o r in d iv id u a ls . S u c h  a n  a p p ro a c h  is  o fte n  c a lle d  a  d is tr ibu te d  o r  c o a r s e - g r a in e d  
g e n e tic  a lg o r ith m  (T a n e s e , 1 9 8 9 ) . T h e  s u b-p o p u la tio n s  a re  o f te n  r e fe r re d  to  a s  
is la n d s  o r  d e m e s  (bio lo g ic a l a n a lo g u e s )  a n d  th e  p e r io d  w h e r e  a  s u bp o p u la tio n  
e v o lv e s  in  is o la tio n  is  o f te n  r e f e r r e d  to  a s  a n  e p o c h . S u c h  a n  a p p r o a c h  h a s  s e v e ra l 
a d v a n ta g e s , n o t le a s t o f  w h ic h  is  th e  e a s e  o f  c o n c e p tu a lis a tio n  a n d  im p le m e n ta tio n . 
P u t s im p ly , o n e  m a y  im p le m e n t a  s ta n d a r d  s e r ia l g e n e tic  a lg o r ith m , w ith  s o m e  m in o r 
a d d itio n s  fo r  c o m m u n ic a tio n  be tw e e n  th e  p r o c e s s o r s , a n d  ru n  in s ta n c e s  o n  a s  m a n y  
p r o c e s s o r s  a s  d e s ir e d . 
 
T a n e s e  (1 9 8 9 )  c o n c lu d e d  th a t s u c h  a n  a lg o r ith m  w ith  n o  m ig r a tio n  o f  in d iv id u a ls  
be tw e e n  p ro c e s s o rs  c o u ld  p ro d u c e  a  n e a r lin e a r  s p e e d - u p  o v e r  a  s ta n d a rd  s e r ia l 
g e n e tic  a lg o r ith m . It c o n s is te n tly  o u t- p e r f o rm e d  th e  s e r ia l im p le m e n ta tio n  by  
d is c o v e r in g  f itte r in d iv id u a ls . H o w e v e r, th e  a lg o r ith m  w a s  u n a ble  to  m a in ta in  
a v e ra g e  p o p u la tio n  fitn e s s  c o m p a r a ble  to  th e  s e r ia l im p le m e n ta tio n . W ith  th e  
in tr o d u c tio n  o f  m ig ra tio n , T a n e s e  d e m o n s tra te d  th a t th is  d ra w ba c k  c o u ld  be  
e lim in a te d . M o r e  re c e n t w o r k  h a s  c o n f irm e d  th e s e  fin d in g s , s h o w in g  th a t g lo ba l 
o p tim a  a re  f o u n d  m o r e  o f te n  u s in g  a  c o a rs e - g r a in e d  a lg o r ith m  w ith  m ig r a tio n  th a n  a  
s e ria l a lg o rith m  ( B e ld in g , 1 9 9 5 ) . F u rth e r m o r e  th a t m ig ra tio n  o f  in d iv id u a ls  be tw e e n  
th e  p o p u la tio n s  in  a  c o a r s e - g r a in e d  a lg o r ith m  c a n  im p ro v e  e x e c u tio n  tim e  (W a n g , 
M a c ie je w s k i, S ie g e l, &  R o y c h o w d h u r y , 1 9 9 8 ) . 
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S u c h  m o d e ls  p r o m o te  g e n e tic  d iv e rs ity  d u e  to  th e  is o la tio n  o f  th e  p o p u la tio n s . A s  a  
r e s u lt, p re m a tu r e  c o n v e r g e n c e  is  le s s  o f  a n  is s u e  in  a  c o a rs e - g r a in e d  p a ra lle l g e n e tic  
a lg o r ith m  ( B a lu ja , 1 9 9 3 b; L i &  K irle y , 2 0 0 2 ). In  a d d itio n  C o o h o n  e t a l. ( 1 9 9 1 ) c ite  
w o rk  in  th e  g e n e tic s  fie ld , m o s t n o ta bly  by  W r ig h t ( 1 9 3 2 ; 1 9 6 4 ; 1 9 8 2 ), in to  ra p id  
e v o lu tio n  a s  s u p p o r tin g  th e  s u b-p o p u la tio n  m o d e l w ith  o c c a s io n a l in te r -p o p u la tio n  
c o m m u n ic a tio n  a s  a  m e th o d  o f  “ e x te n s iv e  s e a r c h  o f  th e  a d a p tiv e  la n d s c a p e ” . In  
a d d itio n , e x c h a n g e  o f  in d iv id u a ls  s h o u ld  o c c u r w h e n  s u bp o p u la tio n s  r e a c h  
e q u ilibriu m  –  a  s ta te  a t w h ic h  e v o lu tio n  h a s  h a lte d  be c a u s e  p h e n o ty p ic  im p ro v e m e n t 
is  ba la n c e d  w ith  p h e n o ty p ic  d e g ra d a tio n  ( J .P . C o h o o n , H e g d e , M a r tin , &  R ic h a r d s , 
1 9 8 8 ) . 
 
B a lu ja  ( 1 9 9 3 a ) n o te s  th e  d r a w ba c k s  to  th is  a p p r o a c h  h o w e v e r, in  th a t o n c e  a  
s u bp o p u la tio n  re a c h e s  e q u ilibriu m , in tr o d u c tio n  o f n e w  g e n e tic  m a te r ia l m a y  n o t be  
s u f fic ie n t to  p e r tu rb th is  c o n d itio n . S e le c tio n  o f  m ig ra tio n  r a te  a n d  th e  n u m be r  o f 
in d iv id u a ls  to  tr a n s fe r  d e te r m in e s  th e  e f f e c tiv e n e s s  o f  th e  a lg o rith m  ( C a n t'u - P a z , 
1 9 9 7 ) . 
 
In v e s tig a tio n  in to  c o a r s e - g r a in e d  p a r a lle l g e n e tic  a lg o r ith m s  w h e r e  s e r ia l a lg o r ith m s  
a r e  be in g  e x e c u te d  in  p a r a lle l w ith  o c c a s io n a l tr a n s f e r o f  in d iv id u a ls  c a n  be  s h o w n  to  
c o n f o rm  to  D e -J o n g ’ s   p r o o f  o f  e f f ic ie n t a llo c a tio n  o f  tr ia ls  to  s c h e m a  ( D e - J o n g , 
1 9 7 5 ; P e tty  &  L e u z e , 1 9 8 9 ) . T h is  is  a n  im p o rta n t c o n s id e r a tio n , a s  it m e a n s  th e o r y  
d e v e lo p e d  in  re g a r d  to  s e r ia l im p le m e n ta tio n s  is  e q u a lly  a p p lic a ble  in  th e s e  p a r a lle l 
a lg o r ith m s .  
 
C o m m u n ic a tio n  be tw e e n  s u bp o p u la tio n s  is  g e n e r a lly  lim ite d  in  a  c o a r s e - g r a in e d  
g e n e tic  a lg o r ith m , a llo w in g  fo r  m o re  f le x ible  d e p lo y m e n t o v e r p a r a lle l a r c h ite c tu r e s . 
T h a t is , lo w  ba n d w id th , in te rm itte n t o r  u n re lia ble  n e tw o r k  c o n n e c tio n s  w ill re s tric t 
im p le m e n ta tio n  o f s u c h  a n  a lg o r ith m  le s s  th a n  a  f in e - g ra in e d  a p p ro a c h . A p p lic a tio n  
o n  r e la tiv e ly  c h e a p  h a r d w a r e  is  a ls o  p o s s ible , a s  n o  h ig h - e n d  p a r a lle l a r c h ite c tu r e  is  
r e q u ir e d  (C a n t'u -P a z , 1 9 9 7 ) . F in a lly , p ro c e s s in g  o f  th e  s u bp o p u la tio n s  m a y  be  m o r e  
e f fic ie n t d u e  to  th e  la c k  o f  a n y  n e e d  to  m a in ta in  g lo ba l c o n tr o l s tru c tu re s  a n d  c o n d u c t 
e x te n s iv e  c o m m u n ic a tio n s  to  m a in ta in  s y n c h r o n y  w ith  o th e r p r o c e s s o r s . 
 
3 .4 .3 .3 . F IN E -G R A IN E D  
A  f in e - g r a in e d  a p p r o a c h  to  p a ra lle l g e n e tic  a lg o r ith m s  in v o lv e s  s p littin g  th e  
p o p u la tio n  in to  m a n y  s m a lle r  p o p u la tio n s  ( o r  d e m e s ). T h e  te r m  m a s s iv e  p a r a lle lis m  
is  c o m m o n ly  u s e d  to  d e s c ribe  th is  s ty le  o f p a r a lle l a p p r o a c h , a s  m a n y  s m a ll, 
in te r a c tin g  p o p u la tio n s  a r e  e v o lv e d  in  p a r a lle l. M a n y  fin e - g ra in e d  p a r a lle l g e n e tic  
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a lg o r ith m s  d e f in e  a  g e o g r a p h ic a l c o n s tru c t u p o n  w h ic h  in d iv id u a ls  o r  p o p u la tio n s  a re  
p la c e d , o f te n  a  tw o  d im e n s io n a l C a r te s ia n  p la n e . T h is  a llo w s  th e  d e f in itio n  o f  th e  
d is ta n c e  be tw e e n  in d iv id u a ls  o r  p o p u la tio n s  ( c o m m o n ly  v ia  C a r te s ia n  g e o m e tr y ) . 
 
It is  c o m m o n  fo r  s u bp o p u la tio n s  in  a  fin e - g r a in e d  a lg o rith m  to  o v e r la p . T h a t is , a  
m e m be r  m a y  be lo n g  to  m u ltip le  p o p u la tio n s . T h is  a d d re s s e s  th e  is s u e  o f e q u ilibriu m  
o f  s u bp o p u la tio n s  d e s c r ibe d  in  s e c tio n  3 .4 .3 .2 , a s  th e  p r o ba bility  o f a  s u bp o p u la tio n  
r e a c h in g  e q u ilibriu m  w h ile  its  n e ig h bo u r  p o p u la tio n s  h a v e  n o t is  u n lik e ly  ( B a lu ja , 
1 9 9 3 b). 
 
F in e - g r a in e d  a lg o rith m s  s u ff e r fr o m  th e  lo s s  o f  g e n e tic  d iv e rs ity , d u e  to  th e  s m a ll 
p o p u la tio n  s iz e . T h a t is , a  h ig h  p e r fo r m a n c e  s c h e m a  c a n  q u ic k ly  d o m in a te  a  s m a ll 
p o p u la tio n . B e c a u s e  o f  c o n s ta n t p o p u la tio n  in te r a c tio n , th is  s c h e m a  c a n  be  s p r e a d  
q u ic k ly  a m o n g s t th e  o th e r p o p u la tio n s , le a d in g  to  p r e m a tu re  c o n v e r g e n c e  ( B a lu ja , 
1 9 9 3 b). T h is  c a n  be  o v e r c o m e  by  h a v in g  a  la r g e  n u m be r o f  p o p u la tio n s . S e p a r a tin g  
p o p u la tio n s  by  a  la r g e  d is ta n c e  (th a t is , n u m be r  o f  p o p u la tio n  ‘ h o p s ’)  a llo w s  f o r  th e  
u n c o n tro lle d  s p r e a d  o f  d o m in a n t s c h e m a  to  be  r e ta r d e d  ( C o llin s  &  J e f fe r s o n , 1 9 9 1 ) . 
 
A S P A R G O S , a  fin e - g r a in e d  a lg o rith m  p r o p o s e d  by  G o r g e s - S c h le u te r a n d  
M u h le n be in  e x h ibits  a  s e lf  o r g a n is in g  n a tu re , s u c h  th a t g lo ba l c o n tr o l is  n o t re q u ire d , 
w ith  in te ra c tin g  d e m e s  le a d in g  to  s p e c ia tio n . It r e q u ir e s  r e la tiv e ly  little  
c o m m u n ic a tio n s  a n d  e x p lo its  n a tu r a l p a r a lle lis m  ( G o r g e s - S c h le u te r , 1 9 8 9 ). T h e  
n e ig h b o u r h o o d  m o d e l, a s  u s e d  in  A S P A R G O S , is  h ig h ly  e f fic ie n t o n  p a r a lle l 
c o m p u te r s  ( M u h le n be in , 1 9 8 9 ) a n d  d o e s  n o t r e q u ire  a  s h a r in g  fu n c tio n 7  o r  a n y  o th e r  
e x te rn a l c o n tr o l p a r a m e te rs . H o w e v e r, th e  a lg o r ith m  is  d e p e n d e n t o n  a n  e x p e n s iv e  
d e d ic a te d  p a ra lle l a rc h ite c tu re , w h ic h  s e v e r e ly  lim its  its  g e n e ra l a p p lic a tio n  
( D a v id o r, 1 9 9 1 ) . It a ls o  c o n ta in s  a  lo c a l h ill-c lim bin g  o p tim is a tio n , m a k in g  it 
d iff ic u lt to  d e te r m in e  th e  e f f e c tiv e n e s s  o f th e  g e n e tic  a lg o r ith m  c o m p o n e n t ( C a n t'u -
P a z , 1 9 9 7 ) .   
 
S p ie s s e n s  a n d  M a n d e r ic k   ( 1 9 8 9 )  p ro v id e  tw o  m o tiv a tio n s  fo r  e lim in a tin g  g lo ba l 
c o n tro l a n d  p ro m o tin g  m a s s iv e ly  p a ra lle l c o m p u ta tio n  o f  a  g e n e tic  a lg o rith m . T h e  
f ir s t o f  th e s e  is  th a t, a s  G o ld be r g  s ta te s , th e  o p tim u m  s iz e  o f  a  p o p u la tio n  is  
p r o p o rtio n a te  to  th e  c h ro m o s o m e  le n g th  u s e d  fo r  th e  p ro ble m  r e p re s e n ta tio n  
( G o ld be r g , 1 9 8 9 b; G o ld be r g  &  R ic h a rd s o n , 1 9 8 7 ) . T h u s , a s  g e n e tic  a lg o rith m s  a re  
a p p lie d  to  m o r e  c o m p le x  p ro ble m s , la r g e r p o p u la tio n s  w ill be  r e q u ir e d , c o m p lic a tin g  
g lo ba l c o n tr o l a n d  re q u irin g  m o r e  o v e rh e a d . T h e ir  s e c o n d  a r g u m e n t re la te s  to  
                                                 
7  G o ld be r g  ( 1 9 8 9 a )  s u g g e s te d  a  ‘ s h a r in g  f u n c tio n ’ a s  a  m e th o d  o f c u r ta ilin g  th e  lo s s  o f  g e n e tic  
d iv e r s ity , h o w e v e r  it r e q u ir e s  g lo ba l in f o r m a tio n  to  f u n c tio n  
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a p p r o x im a tin g  n a tu r a l s e le c tio n  m o r e  a c c u r a te ly , w h e r e  th e r e  o f  c o u r s e  e x is ts  n o  
g lo ba l c o n tr o l. 
 
T h e r e  e x is t n u m e r o u s  o th e r  h a r d w a r e -d e p e n d e n t fin e - g r a in e d  g e n e tic  a lg o rith m s , 
w h ic h  h a v e  o u tp e r fo r m e d  th e ir s e ria l a n d  c o a r s e - g r a in e d  c o u n te r p a rts . T h e  r e a d e r  is  
r e fe r re d  to  B a lu ja  ( 1 9 9 3 a ) f o r  a n  e x p la n a tio n  o f  s e v e r a l im p le m e n ta tio n s  o f  th e  fin e -
g r a in e d  p a r a lle l g e n e tic  a lg o r ith m . T h e r e  is , h o w e v e r, a  c a v e a t: s in c e  th e s e  
a lg o r ith m s  a r e  o f te n  o n ly  e x e c u ta ble  o n  la r g e - s c a le , h ig h ly -p a r a lle l a r c h ite c tu r e s , a n  
a c c u r a te  e m p iric a l c o m p a ris o n  is  d iff ic u lt to  p r o d u c e . 
 
3 .4 .3 .4 . M IC R O -G R A IN E D  
M ic r o - g r a in e d  p a r a lle l g e n e tic  a lg o rith m s  s p re a d  th e  e v a lu a tio n  o f th e  fitn e s s  
f u n c tio n  a c r o s s  m u ltip le  p ro c e s s o r s . T h e y  d o  n o t s p lit th e  p o p u la tio n , m a in ta in in g  a  
s in g le  la r g e  g ro u p . T h is  a p p r o a c h  d o e s  n o t a d d r e s s  th e  is s u e  o f  c o n v e r g e n c e , bu t 
s im p ly  a llo w s  fo r  s p e e d  im p ro v e m e n ts . P u n c h  e t a l. ( 1 9 9 3 ) d e m o n s tr a te d  th a t a  
m ic r o - g r a in e d  a lg o rith m  w ill a llo w  fo r  a  h a lv in g  o f  c o m p u ta tio n  tim e  f o r e v e r y  
d o u blin g  in  p ro c e s s o rs  u p  to  th e  p o p u la tio n  s iz e . T h a t is , a  lin e a r s p e e d u p  o v e r a  
s e ria l a lg o rith m  is  a c h ie v e d . M ic ro - g r a in e d  a lg o r ith m s  a re  e m p lo y e d  w h e r e  
e v a lu a tio n  o f  th e  f itn e s s  f u n c tio n  is  c o m p u ta tio n a lly  in te n s e  in  c o m p a r is o n  to  o th e r  
o p e r a tio n s  o f  th e  g e n e tic  a lg o rith m  ( L in  e t a l., 1 9 9 4 ) . 
 
3 .4 .4  H Y B R ID , H IE R A R C H IC A L  A N D  D IS J O IN T  A L G O R IT H M S  
O n e  f in a l o bs e rv a tio n  o n  th e  to p o lo g y  o f p a r a lle l g e n e tic  a lg o r ith m s  c a n  be  m a d e  
in  re g a r d  to  th e  a bility  to  c o m bin e  c e rta in  te c h n iq u e s  to  c re a te  h y brid  a lg o r ith m s ; th e  
in te n tio n  o f  w h ic h  be in g  to  c a p tu r e  th e  p o s itiv e  q u a litie s  o f  v a rio u s  a p p r o a c h e s  w h ile  
ba la n c in g  o r e lim in a tin g  th e  n e g a tiv e  o n e s . T h e  re a d e r is  re f e r re d  to  C a n t’ u - P a z  
( 1 9 9 7 ) f o r  a n  e x p lo r a tio n  o f th is  c o n c e p t, w h ic h  is  a t be s t o n  th e  p e rip h e r y  o f th is  
r e v ie w . 
 
H ie r a r c h ic a l m o d e ls , a s  d e s c ribe d  by  ( N o d a , C o e lh o , R ic a r te , Y a m a k a m i, &  F re ita s , 
2 0 0 2 ) , a llo w  f o r le v e ls  o r  tie r s  o f  a lg o r ith m s . In  s u c h  a n  a p p r o a c h , o n e  tie r m a y  
c o m p u te  s o lu tio n s  w h ic h  a r e  th e n  c o m bin e d  a n d  p ro c e s s e d  fu r th e r  a t a  h ig h e r tie r .  
 
C e r ta in  p a ra lle l g e n e tic  a lg o rith m s  h a v e  be e n  d e v e lo p e d  th a t e m p lo y  m o r e  th a n  
o n e  s e ria l a lg o rith m  s p e c if ic a tio n . T h is  is  m o s t a p p lic a ble  to  c o a rs e - g r a in e d  g e n e tic  
a lg o r ith m s  w h e r e  e a c h  s u bp o p u la tio n  m a y  be  e v o lv e d  by  a  d iff e re n t s e ria l a lg o rith m . 
E a c h  s u c h  a lg o r ith m  c a n  p o s s e s s  d if fe r e n t r a te s  o f m u ta tio n  a n d  c r o s s o v e r  p lu s  a  
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u n iq u e  p o p u la tio n  s iz e . S u c h  a lg o rith m s  a re  s o m e tim e s  re f e rr e d  to  a s  h e te r o g e n e o u s  
( N o d a  e t a l., 2 0 0 2 ) . R u n n in g  s e p a r a te  s u bp o p u la tio n s  w ith  d if f e r e n t c o n tro l r a te s  c a n  
a llo w  s e le c tiv e  p r e s s u re  to  be  ta ilo r e d , ba la n c in g  e x p lo r a tio n  a n d  e x p lo ita tio n  
( T a n e s e , 1 9 8 9 ) . 
 
3 .4 .5  M IG R A T IO N  S C H E M E  
M ig r a tio n  o f in d iv id u a ls  be tw e e n  v a r io u s  s u bp o p u la tio n s  o f  th e  a lg o rith m  is  
c r u c ia l to  its  e ff e c tiv e n e s s . T o o  lo w  a  m ig r a tio n  r a te  a n d  th e  s u bp o p u la tio n s  c a n  
r e a c h  p e r m a n e n t e q u ilibr iu m . T o o  h ig h  a n d  th e  a lg o rith m  p e r fo r m s  m u c h  a s  a  s e ria l 
im p le m e n ta tio n , lo s in g  th e  be n e fits  o f  p a ra lle lis a tio n  a n d  p o te n tia lly  e v e n  e x h ibitin g  
s lo w e r p e r f o rm a n c e  d u e  to  c o m m u n ic a tio n  o v e r h e a d  (C a n t'u -P a z , 1 9 9 7 ) . 
 
G e n e r a lly , m ig r a tio n  c a n  be  c la s s ifie d  a s  e ith e r  th e  Is la n d  S c h e m e  o r th e  S te p p in g  
S to n e  S c h e m e . T h e  is la n d  m o d e l a llo w s  f o r th e  m ig r a tio n  o f m e m be r s  f r o m  a n y  
p o p u la tio n  to  a n y  o th e r  p o p u la tio n . T h a t is , c o n s id e r th e  p ro c e s s o rs /p o p u la tio n s  to  be  
v e r tic e s  in  a  c o m p le te  m e s h . T h e  s te p p in g  s to n e  m o d e l r e s tr ic ts  c o m m u n ic a tio n s  
be tw e e n  s u bp o p u la tio n s  ba s e d  o n  a n  im p o s e d  lo g ic a l o r p h y s ic a l lim ita tio n  (N o d a  e t 
a l., 2 0 0 2 ).  
 
T h e  c h o ic e  o f  s c h e m e  r e f le c ts  th e  ba la n c e  d e s ir e d  be tw e e n  e x p lo ra tio n  a n d  
e x p lo ita tio n  in  c o n c e r t w ith  th e  ba la n c e  be tw e e n  c o m p u ta tio n  a n d  c o m m u n ic a tio n  
( N o d a  e t a l., 2 0 0 2 ) .  
 
3 .4 .6  D O M A IN  K N O W L E D G E   
S e v e ra l a p p ro a c h e s  to  im p le m e n tin g  p r o ble m  s p e c if ic  in f o rm a tio n  in to  th e  
e x e c u tio n  o f  a  g e n e tic  a lg o r ith m  e x is t. G e n e ra lly , d o m a in  k n o w le d g e  is  in c o r p o ra te d  
in  th e  g e n e tic  o p e r a to rs  a n d  th e  fitn e s s  fu n c tio n . In d iv id u a ls  th a t bre a c h  c e rta in  
c o n s tr a in ts  o r r u le s  o f  th e  p r o ble m  d o m a in  m a y  be  p e n a lis e d  w h e n  a s s ig n e d  th e ir  
f itn e s s . 
 
U s in g  a  tr a v e llin g  s a le s m a n  p ro ble m , ( W a n g  e t a l., 1 9 9 8 ) im p le m e n te d  a n  a p p ro a c h  
w h e r e by  s o lu tio n s  a r e  e v o lv e d  to  s u b-to u rs . T h e s e  s u b-s o lu tio n s  a r e  th e n  r e c o m bin e d  
a t v a r io u s  in s ta n c e s  in  th e  e x e c u tio n  o f th e  a lg o r ith m  ba s e d  o n  s e le c tin g  a p p r o p ria te  
r e -c o m bin a tio n  p o in ts . S e p a r a te  p o p u la tio n s  a r e  u s e d  to  d e riv e  s o lu tio n s  to  e a c h  s u b-
to u r a n d  o p e r a te  e s s e n tia lly  in d e p e n d e n t f ro m  o th e r s u b-p o p u la tio n s . Im p r o v e d  
p e r fo r m a n c e  w a s  g a in e d  th r o u g h  th e  im p le m e n ta tio n  o f th is  h e u r is tic .  
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C o o p e r a tin g  g e n e tic  a lg o r ith m s  a r e  a ls o  p o s s ible , w h e re  e a c h  a lg o r ith m  c o m p u te s  
s o lu tio n s  to  s u b-p ro ble m s . C o m bin in g  th is  w ith  th e  h ie r a rc h ic a l m o d e l, N o d a  e t a l 
( 2 0 0 2 ) d is c u s s e s  th e  p r o s p e c t o f  h a v in g  o n e  tie r  o f  a lg o rith m s  g e n e ra te  s o lu tio n s  to  
s u b-p ro ble m s  o f  a  h ig h e r  c o n tr o llin g  a lg o rith m . T h a t is , s p e c ia lis e d  s u b p o p u la tio n s  
f o r s o lv in g  s u b p r o ble m s  g e n e r a te  th e ir  r e s u lts , w h ic h  th e n  r e p r e s e n t a  c o m bin a to r ia l 
p r o ble m  fo r  th e  h ig h e r  tie r. S u c h  a n  a p p r o a c h  c a n  be  g e n e r a lis e d  to  a n  n - tie r  s y s te m , 
bu t re q u ire s  d o m a in  k n o w le d g e  to  s e le c t s u b-p r o ble m s . 
 
G o ld be r g  c a u tio n s  th a t by  u s in g  p ro ble m - s p e c if ic  h e u r is tic s  a n d  c o m p lic a tin g  th e  
g e n e tic  a lg o r ith m  d e s ig n , th e  a lg o rith m  p e r fo r m a n c e  is  s h if te d  a w a y  f ro m  th e  n a tu r a l 
o r ig in s  o f th e  te c h n iq u e . T h e  ro bu s t s e a r c h  s p a c e  is  th e n  r e s tric te d  ba c k  to  th e  s p ik e  
o f  c a lc u lu s  ba s e d  a n d  s im ila r a p p r o a c h e s  ( G o ld be r g , 1 9 8 9 c ) . 
 
O n  a  r e la te d  p o in t, D a v id o r  (1 9 9 1 )  s u p p o rts  th e  a r g u m e n t th a t P G A s  c a n  be  d e s ig n e d  
th a t h a v e  n a tu r a lly  o c c u r r in g  s p e c ia tio n  s u c h  a s  in  th e  A S P A R A G O S  m o d e l. H e  u s e s  
a  g e o g ra p h ic  c o n s tr u c t a n d  m o d e ls  h is  a p p r o a c h  o n  n a tu r a l f o r c e s  s e e n  to  in flu e n c e  
g e n e tic s . In  th is  w a y , D a v id o r d e m o n s tr a te s  h o w  o r g a n is a tio n  is  e m e r g e n t fr o m  th e  
g e n e tic  a lg o r ith m  w h e n  a p p r o p ria te  p r e s s u r e s  a r e  a p p lie d . 
 
3 .4 .7  C O N V E R G E N C E  IN  P A R A L L E L  G E N E T IC  A L G O R IT H M S  
C h a r a c te r is tic s  o f c e r ta in  p a ra lle l g e n e tic  a lg o r ith m  a p p r o a c h e s  m in im is e  th e  
p r o ba bility  o f p r e m a tu r e  c o n v e r g e n c e . A s  it is  p o s s ible  to  ru n  a  p a r a lle l g e n e tic  
a lg o r ith m  o n  a  s in g le  p r o c e s s o r , it is  n o t u n c o m m o n  to  fin d  s u c h  a  te c h n iq u e  be in g  
e m p lo y e d  s im p ly  to  c o n tro l c o n v e r g e n c e . T h is  is  in  c o n tra s t to  th e  in tu itiv e  s p e e d  
a n d  c o m p u ta tio n a l a d v a n ta g e s  th a t c a n  be  g a in e d  f r o m  a  p a r a lle l im p le m e n ta tio n   
( G o n d r a  &  S a m a d z a d e h , 2 0 0 3 ; L in  e t a l., 1 9 9 4 ; N o d a  e t a l., 2 0 0 2 ) . 
 
S e le c tio n  p re s s u re  is  w h a t le a d s  to  c o n v e r g e n c e  o f  th e  p o p u la tio n . T h a t is , th e  w e a k  
m e m be r s  a r e  e lim in a te d  f r o m  th e  p o p u la tio n  by  r e p ro d u c tiv e  p r o c e s s e s  th a t a re  
bia s e d  to w a r d s  p r e s e rv in g  in d iv id u a ls  w ith  h ig h  fitn e s s  r a tin g s . T h u s , d iv e r s ity  in  th e  
p o p u la tio n  is  lo s t, d u e  to  th e  fitte s t s c h e m a ta  be c o m in g  d o m in a n t ( S e e  s e c tio n  3 .3 .7 ) . 
S p ie s s e n s  a n d  M a n d e r ic k  (1 9 8 9 )  d is c u s s  h o w  th e  r e d u c tio n  o f  s e le c tio n  p re s s u r e  in  a  
f in e - g ra in e d  a lg o r ith m  h e lp s  a lle v ia te  th is . T h a t is , th e y  a llo w  f o r  s c h e m a ta  th a t d o  
n o t p e rf o rm  a s  w e ll to  re m a in  in  th e  p o p u la tio n  a n d  h e n c e  m a in ta in  d iv e rs ity . 
 
A s  d is c u s s e d , th e  u s e  o f  g lo ba l in f o rm a tio n  g a th e r e d  d u r in g  th e  ru n n in g  o f th e  
g e n e tic  a lg o r ith m  is  o f  d e tr im e n t to  th e  e f fic ie n c y  o f  th e  p a r a lle l a lg o rith m . In s te a d , 
s e v e ra l a p p ro a c h e s  h a v e  be e n  f o rm u la te d  th a t e lim in a te  th e  n e e d  f o r  s u c h  g lo ba l 
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in fo r m a tio n , a llo w in g  th e  c o n tr o l o f c o n v e r g e n c e  th r o u g h  th e  c r e a tio n  o f  im p lic it 
s p e c ie s .  
 
C o llin s  a n d  J e ff e rs o n  ( 1 9 9 1 ) a ls o  id e n tif y  th e  p r o ble m  o f  c o n v e r g e n c e , w h e r e  
d iv e rs ity  is  lo s t a n d  th e  p o p u la tio n  is  lo c a lis e d  to  a  s in g le  p e a k  in  th e  s e a r c h  s p a c e . 
T h e y  a c k n o w le d g e  a tte m p ts  to  e lim in a te  th is  p ro ble m  v ia  c r o w d in g , s h a rin g  a n d  
r e s tr ic tiv e  m a tin g , bu t d is m is s  th e s e  a s  r e q u ir in g  g lo ba l k n o w le d g e . T h e y  c o n c lu d e  
th a t c o n v e r g e n c e  c a n  be  a v o id e d  a n d  m o r e  p e a k s  w ith in  th e  s e a rc h  s p a c e  c a n  be  
e x p lo re d  by  in tr o d u c in g  a  lo c a l m a tin g  s c h e m e .  
 
D a v id o r  (1 9 9 1 )  d e v e lo p e d  a  m o d e l to  a llo w  r a p id  lo c a l c o n v e r g e n c e  by  im p o s in g  
p o p u la tio n  in te ra c tio n s , w h ic h  le a d s  to  n ic h e  a n d  s p e c ie s  lik e  be h a v io u r. T h ro u g h  
th is  c o n tro lle d  c o n v e r g e n c e , th e  a lg o rith m  c a n  c o n c e n tr a te  o n  p r o m is in g  a r e a s  o f  th e  
s e a rc h  s p a c e . Im p o rta n tly  h o w e v e r , it d o e s  n o t lo s e  th e  g e n e ra lity  w h ic h  a llo w s  
g e n e tic  a lg o r ith m s  to  be  a p p lie d  e ff e c tiv e ly  to  c o m p le x  a n d  d e c e p tiv e  p r o ble m s . In  
a d d itio n , th e  m o d e l d o e s  n o t r e q u ir e  g lo ba l in f o r m a tio n  to  be  c o lle c te d , w h ic h  
f a c ilita te s  a p p lic a tio n  o n  p a ra lle l h a rd w a r e . 
 
3 .5 . C A P A C IT E D  V E H IC L E  R O U T IN G  P R O B L E M  
3 .5 .1 C O N T E X T  
W h ile  e x p lo rin g  th e  p r o p o s e d  te s t p r o ble m , th e  C a p a c ite d  V e h ic le  R o u tin g  
P r o b le m  o r  C V R P , th e  m a in  o bje c tiv e  o f th e  p ro je c t s h o u ld  n o t be  o v e r s h a d o w e d . 
T h e r e  e x is t s e v e r a l m e th o d s  o f  s o lv in g  C V R P  in s ta n c e s  th a t m a y  o r  m a y  n o t 
o u tp e rf o rm  g e n e tic  a lg o r ith m  s o lu tio n s . T h is  fa c t is  be y o n d  th e  s c o p e  o f th is  p r o je c ts  
o bje c tiv e , w h ic h  is  to  e v a lu a te  s p e e d  im p r o v e m e n ts  g a in e d  th ro u g h  a  p a r a lle l 
im p le m e n ta tio n  o f g e n e tic  a lg o r ith m s  a n d  in te g r a tio n  o f  h e u ris tic s . T o  th is  e n d , th e  
C V R P  h a s  be e n  s e le c te d  a s  a  m e a n s , r a th e r th a n  a n  e n d , be c a u s e  it r e p r e s e n ts  a  
p r o ble m  w ith in  w h ic h  h e u ris tic  a p p ro a c h e s  a r e  in tr in s ic . B y  n o  m e a n s  d o e s  th is  
p r o je c t s e t o u t to  p r o v id e  a n  e ff ic ie n t, e f f e c tiv e  g e n e tic  a lg o rith m  ba s e d  s o lu tio n  to  
th e  C V R P . T h e  p u r p o s e  o f  th is  s e c tio n  th e n  is  to  p r o v id e  a  brie f  in tro d u c tio n  a n d  
e x p lo ra tio n  o f  p r e v io u s  w o r k  o n  a p p ly in g  g e n e tic  a lg o rith m s  to  th e  C V R P . H e u ris tic  
te c h n iq u e s  w ill a ls o  be  e x p lo re d .  
 
3 .5 .2  P R O B L E M  D E F IN IT IO N  
T h e  C a p a c ite d  V e h ic le  R o u tin g  P ro ble m  is  e s s e n tia lly  a  g r a p h  o p tim is a tio n  
p r o ble m . T h e re  e x is t a  n u m be r o f  v e rtic e s  in  th e  g r a p h , e a c h  o n e  r e p r e s e n tin g  a  
c u s to m e r  w ith  a  s p e c if ie d , f in ite  d e m a n d  fo r  a  s in g le  c o m m o d ity  ( th e r e  is  o n ly  o n e  
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c o m m o d ity  in  th e  p r o ble m ) . O n e  o f th e  v e rtic e s  w ill be  m a rk e d  th e  d e p o t, w h ic h  is  
w h e r e  th e  c o m m o d ity  is  s e rv e d  f ro m . T h e  c o m m o d ity  is  d e liv e r e d  by  a  n u m be r  o f  
v e h ic le s , w ith  a  f ix e d  c a r r y in g  c a p a c ity . D is ta n c e  be tw e e n  v e rtic e s  is  c o m m o n ly  
d e te r m in e d  u s in g  C a rte s ia n  g e o m e tr y .  
 
T h e  g o a l o f th e  p ro ble m  is  to  f in d  a n  o p tim a l g r a p h  w h ic h  s a tis f ie s  a ll th e  d e m a n d s  
bu t m in im is e s  th e  tr a v e l tim e  a n d  n u m be r o f  v e h ic le s  re q u ire d . A  fe a s ib le  s o lu tio n  is  
d e f in e d  a s  be in g  a  s e t o f  r o u te s , w h e r e  fo r  e a c h  ro u te  th e  s u m  o f d e m a n d s  f o r  e a c h  
c u s to m e r o n  th a t r o u te  d o e s  n o t e x c e e d  th e  c a p a c ity  o f  th e  v e h ic le  s e rv ic in g  th e  r o u te  
a n d  e a c h  c u s to m e r  is  p r e s e n t in  o n e  a n d  o n ly  o n e  r o u te . T h is  is  g r a p h ic a lly  
r e p re s e n te d  in  fig u r e  3 .5 .2 .1 : 
 
 
F ig u r e  3 .5 .2 .1 :        a ) A  d is t r ib u t io n  o f  c lie n t s  a n d  a  d e p o t . 
b )  A  g r a p h  d e f in e d  t o  s u p p ly  c lie n t s  
( A lb a  &  D o r r o n s o r o , 2 0 0 4 )  
 
 
3 .5 .3  G E N E T IC  A L G O R IT H M S  A P P L IE D  T O  C V R P   
F o r  th e  p u r p o s e  o f  in v e s tig a tin g  th e  a p p lic a tio n  o f  g e n e tic  a lg o rith m s  to  s o lv in g  
C V R P  in s ta n c e s , th is  re v ie w  w ill c o n s id e r  th e  m o r e  g e n e r a l V e h ic le  R o u tin g  P r o b le m  
( V R P ) a n d  v a r ia n ts  o f  it. A p p ro a c h e s  to  s o lv in g  th e s e  s im ila r  s e t o f  p ro ble m s  c a n  
o f te n  be  d ire c tly  a p p lie d  o r  g ra n t in s ig h t in to  s o lu tio n s  to  th e  C V R P . 
 
R e s e a rc h  in to  p r o v id in g  f a s t, a c c u ra te  s o lu tio n s  to  th e  c a p a c ite d  v e h ic le  r o u tin g  
p r o ble m  h a v e  r e v o lv e d  m o s tly  a ro u n d  a p p ly in g  a d v a n c e d  h e u ris tic s  a n d  a u g m e n te d  
h ill- c lim bin g  te c h n iq u e s . A p p lic a tio n  o f g e n e tic  a lg o r ith m s  te c h n iq u e s , h o w e v e r , 
h a v e  be e n  lim ite d  a n d  in  m a n y  c a s e s  s h o w n  to  be  le s s  e ff ic ie n t th a n  c u r re n t be s t 
k n o w n  a p p r o a c h e s  ( M a c h a d o , T a v a re s , P e r e ir a , &  C o s ta , 2 0 0 2 ). B e r g e r  a n d  B a rk a o u i 
( B e r g e r  &  B a r k a o u i, 2 0 0 3 )  a r g u e  th a t th is  is  s im p ly  be c a u s e  g e n e tic  a lg o r ith m  
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a p p r o a c h e s  h a v e  n o t be e n  e x p lo re d  to  th e ir f u lle s t e x te n t a n d , w ith  a  m o r e  th o r o u g h  
in v e s tig a tio n , c a n  p r o v id e  im p ro v e d  p e r fo r m a n c e . 
 
A  s ta n d a rd  a p p r o a c h  to  s o lv in g  th e  C V R P  u s in g  g e n e tic  a lg o r ith m s  is  d e s c r ibe d  in  
( M a c h a d o  e t a l., 2 0 0 2 ) . T h e  te c h n iq u e  u s e s  a  re p r e s e n ta tio n  s c h e m e  w ith in  w h ic h  
e a c h  g e n e  r e p r e s e n ts  a  d e s tin a tio n  c u s to m e r  a n d  th e  o rd e r  w h ic h  th e y  a r e  in  d e f in e s  
th e  o rd e r  o r d e liv e r y . A  s p e c ia l g e n e  s e p a r a tin g  e a c h  r o u te  is  in tr o d u c e d . T h e  
a lg o r ith m  u s e s  a  f ix e d  c h r o m o s o m e  s iz e , w h ic h  is  d e s ir a ble  a s  it s im p lif ie s  
im p le m e n ta tio n ; h o w e v e r  it a ls o  c o n s tra in s  th e  s e a r c h . C o m bin e  th is  w ith  th e  f a c t 
th a t c a n d id a te  s o lu tio n s  a r e  d is c a r d e d  if th e y  v io la te  th e  c a p a c ity  c o n s tr a in t a n d  th e  
r e p ro d u c tiv e  s c h e m e  is  s p e c ific  to  th e  p ro ble m  s p a c e  a n d  it be c o m e s  a p p a r e n t th a t 
th e  a lg o r ith m  is  v e r y  tig h tly  c o n tro lle d .  
 
O th e r  a p p r o a c h e s  h a v e  f o c u s e d  o n  a p p ly in g  s im p le , g e n e r a l p u rp o s e  g e n e tic  
a lg o r ith m s . O n e  s u c h  a p p ro a c h  is  th a t o u tlin e d  in  A lba  &  D o r ro n s o r o  ( 2 0 0 4 ), w h e r e  
a  c e llu la r  g e n e tic  a lg o r ith m 8  is  u s e d  w ith  c e rta in  h e u r is tic s  to  im p ro v e  p e r fo r m a n c e . 
R a th e r th a n  re je c tin g  s o lu tio n s  th a t v io la te d  c o n s tra in ts  w ith in  th e  p ro ble m , th e s e  
s o lu tio n s  s im p ly  h a d  th e ir f itn e s s  v a lu e s  p e n a lis e d . A lba  a n d  D o r r o n s o ro  d e m o n s tr a te  
in  th e ir p a p e r  th a t a  g e n e tic  a lg o rith m  w ith  m u ltip le  p o p u la tio n s  o u tp e r fo r m e d  th o s e  
w ith  o n e  s in g le  la r g e  p o p u la tio n . F u r th e r m o r e , w ith  th e  in c lu s io n  o f  lo c a l s e a r c h  
a p p r o a c h e s  a n d  h e u ris tic s  it w a s  d e m o n s tra te d  th a t th e  G e n e tic  A lg o r ith m  a p p ro a c h  
e x h ibite d  c o m p a r a ble  p e r f o r m a n c e  to  o th e r w e ll k n o w n  te c h n iq u e s .  
 
3 .5 .4  H E U R IS T IC S  A N D  D O M A IN  K N O W L E D G E  
T h e  in c o r p o r a tio n  o f d o m a in  k n o w le d g e  a n d  h e u r is tic s  in to  th e  G A  a llo w s  fo r  a n  
im p r o v e m e n t in  p e r fo r m a n c e , bu t w ith  th e  lo s s  o f  g e n e r a lity  in  th e  a lg o r ith m .9  W h a t 
f o llo w s  is  a  brie f  e x p la n a tio n  o f s e v e ra l in s ig h ts  in to  th e  d o m a in  o f th e  C V R P , w h ic h  
c a n  be  u s e d  to  im p r o v e  a  s o lu tio n  a lg o r ith m . 
 
N o tic e  th a t if  th e  e d g e  v a lu e s  in  th e  g r a p h  ( th a t is , d is ta n c e  f ro m  th e  d e p o t to  e a c h  
c u s to m e r)  a r e  z e r o , th e  p r o ble m  s im p lif ie s  to  a  bin - p a c k in g  p ro ble m  ( o f te n  c a lle d  th e  
k n a p s a c k  p r o ble m ) . T h e  C V R P  is  s o m e tim e s  c o n s id e r e d  a  u n io n  o f  th e  bin - p a c k in g  
p r o ble m  a n d  th e  tra v e llin g  s a le s m a n  p r o ble m  (M a c h a d o  e t a l., 2 0 0 2 ; T . K . R a lp h s , 
K o p m a n , P u lle y bla n k , &  T r o tte r , 2 0 0 1 ). A s  s u c h , th e  p o s s ibility  o f s p littin g  th e  
C V R P  in to  its  c o n s titu e n t B P P  a n d  T S P  h a lv e s  r e p re s e n ts  a n  in tr ig u in g  m e th o d  o f  
                                                 
8  A  c e llu la r  g e n e tic  a lg o r ith m  is  o n e  w h e r e  th e  p o p u la tio n  is  m a p p e d  to  a  la n d s c a p e  a n d  in d iv id u a ls  
m a y  o n ly  in te r a c t w ith  th e ir  n e ig h bo u r s . 
9  M e a n in g  th a t th e  a lg o r ith m  c a n  n o w  o n ly  be  a p p lie d  to  a  s in g le  s e t o f p r o ble m s , r a th e r  th a n  be in g  
a p p lic a ble  to  a n y  p r o ble m  fo r  w h ic h  a  r e p r e s e n ta tio n  c o u ld  be  fo u n d . 
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a p p ly in g  p r o ble m  s p e c ific  k n o w le d g e  to  its  s o lu tio n . R a lp h s  e t a l. ( 2 0 0 1 ) f u r th e r  
d e s c ribe  th e  d iv is io n  o f th e  g ra p h , to  fo rm  s m a ll, d is tin c tly  s e p a r a te  tra v e llin g  
s a le s m a n  p r o ble m s . T h e s e  a r e  th e n  o p tim is e d  to  p r o v id e  th e  s m a lle s t tra v e llin g  
d is ta n c e  fo r  e a c h  s u b-p r o ble m , a n d  fin a lly  c h e c k e d  to  e n s u re  th e y  m e e t th e  c a p a c ity  
c o n s tr a in t.  
 
A n o th e r  c o m m o n  h e u r is tic  o p tim is a tio n  th a t is  o f te n  in c o r p o r a te d  in to  th e  s o lu tio n  o f  
s u c h  p ro ble m s  is  th a t o f th e  n e a r e s t n e ig h bo u r o p e r a tio n . P u t s im p ly , th is  is  a n  
a tte m p t to  o p tim is e  th e  d e s tin a tio n s  in  a  r o u te  s u c h  th a t fo r  e a c h  d e s tin a tio n  th e  n e x t 
d e s tin a tio n  is  th e  o n e  c lo s e s t to  it (its  n e a r e s t n e ig h bo u r ) . In tu itiv e ly , th is  s h o u ld  
r e d u c e  th e  tr a v e l d is ta n c e , bu t it is  p o s s ible  to  p r o d u c e  p r o ble m  in s ta n c e s  w h e re  th is  
g r e e d y  a p p r o a c h  is  n o t s u c c e s s fu l. S im ila r  a p p ro a c h e s  a re  u s e d  in  tr a v e llin g  s a le s m a n  
p r o ble m s , w h ic h  c a n  be  c o n s id e r e d  a  s u b-p a rt o f  th e  C V R P . A n  e x te n s io n  o f th is  id e a  
is  th a t s u b-g r a p h s  c a n  be  f o rm e d  by  a p p ly in g  a  k  n e a r e s t n e ig h bo u r a lg o rith m  
( K N N ) .1 0  Y a n g  u s e d  th is  te c h n iq u e  to  s h o w  th a t p o p u la tio n  s iz e  c a n  be  r e d u c e d  if 
r e p re s e n ta tiv e  c h r o m o s o m e s  c a n  be  c re a te d  fo r  th e  in itia l p o p u la tio n  (Y a n g , 1 9 9 7 ) . 
H o w e v e r, a n o th e r in tr ig u in g  a p p lic a tio n  is  in  s p littin g  th e  p r o ble m  in to  c o n s titu e n t 
p a r ts . W a n g , M a c ie je w s k i e t a l. e x p lo r e d  th is  a p p ro a c h  to  s o lv in g  in s ta n c e s  o f th e  
tra v e llin g  s a le s m a n  p r o ble m  a n d  c o n c lu d e d  th a t by  d iv id in g  th e  p r o ble m  in to  s u b-
p r o ble m s , be tte r  s o lu tio n s  c a n  be  fo u n d  fa s te r  ( W a n g  e t a l., 1 9 9 8 ) . A  c a u tio n a r y  n o te  
is  n e c e s s a r y  h o w e v e r ; s u c h  r e s u lts  a r e  c le a r ly  r e lia n t o n  p r o v id in g  a  s u ita ble  bre a k -u p  
o f  th e  p r o ble m . W ith in  p ro ble m s  o f  a  s im ila r  g e o m e tr ic  ba s e d  d is tr ibu tio n  a s  th e  
T S P , o f w h ic h  th e  C V R P  is  o n e  s u c h  in s ta n c e , a  c lu s te rin g  a lg o r ith m  c a n  be  a n  
e f fe c tiv e  m e th o d  o f  d iv id in g  th e  p ro ble m  in to  s u b- p r o ble m s . T h e  s im p le  K M e a n s  
a lg o r ith m  (M a c Q u e e n , 1 9 6 7 )  is  o n e  s u c h  c lu s te r in g  a p p ro a c h . 
 
Y a n g  ( 1 9 9 7 )  in v e s tig a te d  a p p ly in g  h e u r is tic  d a ta  to  a  g e n e tic  a lg o r ith m  ba s e d  
s o lu tio n  o f th e  tr a v e llin g  s a le s m a n  p ro ble m . It w a s  d e m o n s tr a te d  th a t th e  
c o m bin a tio n  o f  th e  h e u r is tic s  to  g u id e  th e  G A  in  a n  a p p ro p r ia te  d ir e c tio n  a n d  th e  
G A s  a bility  to  a v o id  lo c a l o p tim a  c o u ld  be  ba la n c e d  to  p r o v id e  e f fic ie n t s o lu tio n s . 
T h e  a p p r o a c h  in c o rp o ra te d  d o m a in  k n o w le d g e  in  th e  g e n e tic  o p e r a to r s , s u c h  th a t 
r e p ro d u c tio n  w a s  a r tif ic ia lly  bia s e d  to w a rd s  p r o d u c in g  o f fs p r in g  th a t s a tis f ie d  c e r ta in  
h e u r is tic s .  
 
O th e r  h e u r is tic  a p p r o a c h e s  to  s o lv in g  th e  T S P  a n d  r e la te d  p r o ble m s  (s u c h  a s  th e  
C V R P ) f u n c tio n  by  e x c h a n g in g  c itie s  w ith in  a  to u r to  d e c r e a s e  th e  le n g th . F o r  m o r e  
                                                 
1 0  T h is  w o r k s  by  p ic k in g  a  r a n d o m  c ity  a n d  s e le c tin g  its  K  n e a r e s t c itie s  to  f o r m  a  s u b-g r a p h . I f o n e  o f  
th e  k  n e a r e s t c itie s  is  a lr e a d y  p r e s e n t in  a n o th e r  s u b-g r a p h , a  r a n d o m  c ity  is  s e le c te d  fr o m  th o s e  y e t to  
be  a llo c a te d  to  a  s u b-g r a p h . 
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d e ta ils  o n  th e s e  a n d  o th e r  a p p r o a c h e s  to  s o lv in g  th e  tra v e llin g  s a le s m a n  a n d  r e la te d  
s e t o f  p r o ble m s , th e  re a d e r  is  r e f e r r e d  to  ( N ils s o n , 2 0 0 3 ) . 
 
F in a lly , G o ld be r g  ( 1 9 8 9 c )  o ff e rs  th e  fo llo w in g  c a u tio n a r y  n o te  o n  th e  s p e c ia lis a tio n  
o f  G A s  by  in c o rp o r a tio n  o f  h e u ris tic s ; s u c h  a p p r o a c h e s  s h o u ld  be  re c o g n is e d  f o r  
th e ir  e ff e c ts  o n  th e  m e th o d o lo g y  a n d  ba la n c e d  by  c o n s id e r in g  w h a t is  be in g  a c h ie v e d  
a n d  a t w h a t c o s t. B y  a u g m e n tin g  a  g e n e tic  a lg o r ith m  to  be tte r  h a n d le  a  s in g le  s e t o f  
p r o ble m s , a ll (o r  m a n y )  o th e r  p r o ble m s  a r e  lik e ly  to  be  e x c lu d e d  f ro m  its  p o te n tia l 
a p p lic a tio n s . A s  w ith  a ll th in g s , ba la n c e  is  im p o r ta n t.  
 
3 .6 . G R ID  E N G IN E  A R C H IT E C T U R E  
G r id  e n g in e  is  a n  o p e n  s o u rc e  d is tr ibu te d  c o m p u tin g  f r a m e w o r k  w ith in  w h ic h  
p a r a lle l a n d  d is tribu te d  a p p lic a tio n s  c a n  be  d e v e lo p e d . T h e  p r o je c t is  s p o n s o re d  by  
S u n  M ic ro s y s te m s  a n d  p r o v id e s  “ d is tr ibu te d  re s o u r c e  m a n a g e m e n t s o f tw a r e  f o r  w id e  
r a n g in g  r e q u ir e m e n ts  fr o m  c o m p u te  f a rm s  to  g r id  c o m p u tin g .”  ( G r id - E n g in e  
H o m e p a g e , 2 0 0 1 ) 
 
T h e  g r id  e n g in e  a rc h ite c tu re  p r o v id e s  fo r r e s o u rc e  s h a rin g , a llo w in g  ta s k s  be  
s u bm itte d  to  th e  s o f tw a r e  a n d  d is tribu te d  to  m a c h in e s  ba s e d  o n  lo a d  a n d  p e r fo r m a n c e  
r e q u ir e m e n ts . T h e  g e n e r a l p u rp o s e  o f th e  s o ftw a r e  is  to  a llo w  f o r m o r e  e f f ic ie n t u s e  
o f  n e tw o rk e d  c o m p u ta tio n a l p o w e r ( L e e , 2 0 0 2 ) . 
 
A u to m a te d  d e c is io n  m a k in g  is  be y o n d  th e  c u r re n t c a p a bilitie s  o f  th e  s y s te m  
( A n d r z e ja k , G r a u p n e r, K o to v , &  T r in k s , 2 0 0 2 ) . T h e  a r c h ite c tu r e  a llo w s  fo r  r e m o te  
e x e c u tio n  o f  ta s k s  a t a  le v e l o f g r a n u la r ity  r o u g h ly  e q u iv a le n t to  th a t o f  p r o c e s s e s . 
T h u s , it is  th e  r e s p o n s ibility  o f th e  d e v e lo p e r  to  e n s u r e  th a t th e  a p p lic a tio n  is  
s e p a ra te d  in to  s u ff ic ie n tly  m a n y  p r o c e s s e s  to  a c h ie v e  th e  le v e l o f  p a r a lle l e x e c u tio n  
d e s ir e d . In  a d d itio n , g r id  e n g in e  d o e s  n o t p ro v id e  a u to m a te d  c o m m u n ic a tio n  be tw e e n  
th e  p ro c e s s e s  d is tr ibu te d  to  s e p a ra te  p ro c e s s o rs . If in te r- p ro c e s s  c o m m u n ic a tio n  is  
r e q u ir e d  ( a s  it o f te n  is  in  p a r a lle l e x e c u tio n s , if  o n ly  to  re tu r n  re s u lts  to  a  “ m a s te r”  
p r o c e s s )  th e  d e v e lo p e r  is  r e q u ir e d  to  im p le m e n t a  m e c h a n is m  to  p ro v id e  th is .  
 
G rid  e n g in e  d o e s  n o t a llo w  fo r  d y n a m ic  a llo c a tio n  a n d  re m o v a l o f  r e s o u r c e s  to  th e  
g r id , r e q u ir in g  a ll m a c h in e s  to  be  p re - c o n fig u r e d  a n d  lis te d  a s  m e m be r s  o f th e  g rid . 
In  a d d itio n , a ll g r id s  r e q u ire  th a t o n e  h o s t be  d e s ig n a te d  th e  m a s te r, r e q u ir in g  a t le a s t 
s o m e  h ie ra r c h y  fo r  th e  d e v e lo p m e n t ( B a la c h a n d r a n , 2 0 0 3 ). T h e  s o f tw a re  d o e s  
h o w e v e r  p r o v id e  a u to m a te d  a u d itin g  f a c ilitie s , a llo w in g  fo r  th e  c o lle c tio n  o f  s ta tis tic s  
r e g a r d in g  r e s o u r c e  u s a g e  a n d  e x e c u tio n  tim e s . 
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3 .7 . S U M M A R Y  
T h is  re v ie w  h a s  p ro v id e d  a  h ig h - le v e l o v e rv ie w  o f  th e  is s u e s  in h e r e n t in  th e  u s e  
o f  g e n e tic  a lg o r ith m s  to  s o lv e  c o m p le x  p r o ble m s . A  d e s c r ip tio n  o f th e  c o n c e p ts  th a t 
u n d e r p in  th e  o p e r a tio n  o f  g e n e tic  a lg o r ith m s  w a s  p r e s e n te d , in c lu d in g  th e  s c h e m a  
th e o re m , c o n v e r g e n c e  a n d  th e  g e n e tic  o p e ra to rs . T h is  w a s  fo llo w e d  by  a n  e x p lo ra tio n  
o f  p a s t r e s e a r c h  in to  e x p lo itin g  th e  p a r a lle l n a tu re  o f  g e n e tic  a lg o r ith m s  a n d  in  
p a r tic u la r  c la s s if ie d  a p p r o a c h e s  ba s e d  o n  c rite r ia  s u c h  a s  g ra n u la rity . A d v a n ta g e s  a n d  
d r a w ba c k s  o f te c h n iq u e s  w e r e  h ig h lig h te d  a n d  s e v e r a l a lg o rith m s  a n d  h e u ris tic s  
d e s ig n e d  s p e c if ic a lly  f o r  c a p a c ite d  v e h ic le  r o u tin g  a n d  a s s o c ia te d  p ro ble m s  w e re  
p r e s e n te d .  
 
T h r o u g h o u t th e  r e v ie w , th e  c o n te x t o f th e  p ro je c t w a s  e m p h a s is e d  in  a n  a tte m p t to  
p r e v e n t th e  f o c u s  fr o m  d ig r e s s in g . F r o m  th e  p e rs p e c tiv e  p ro v id e d  by  th is  re v ie w , it is  
n o w  p o s s ible  to  s e le c t a n d  d e p lo y  g e n e tic  a lg o rith m s  u p o n  th e  g r id  e n g in e  to p o lo g y  
th a t m e e t a p p ro p r ia te  c rite ria  to  te s t th e  h y p o th e s is . T h e  d e s ig n  a n d  s p e c if ic a tio n  o f 
th e s e  a lg o rith m s  is  e x p lo re d  w ith in  th e  s u bs e q u e n t c h a p te rs .
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4 . M E T H O D O L O G Y  A N D  G E N E R A L  E X P E R IM E N T  D E S IG N  
4 .1. IN T R O D U C T IO N  
In  fo r m u la tin g  a n  a p p ro a c h  w ith  w h ic h  to  e ith e r  p ro v e  o r  d is p r o v e  th e  h y p o th e s is  
p r e s e n te d  a bo v e , th e  r e q u ir e m e n ts  m u s t be  m o re  f o r m a lly  s p e c if ie d . T h is  c h a p te r  w ill 
be g in  by  s e le c tin g  a  s e r ie s  o f  m e tric s  u p o n  w h ic h  to  ba s e  c o m p a r a tiv e  a s s e s s m e n t o f  
s e v e ra l a p p ro a c h e s  to  p a r a lle l, d is tr ibu te d  a n d  a u g m e n te d  ( i.e . h e u r is tic  ba s e d )  
g e n e tic  a lg o r ith m s . F o llo w in g  th is , a n  a c c e p ta ble  r e p r e s e n ta tio n  s c h e m e  w ill be  
f o rm u la te d  ba s e d  o n  th e  te s t p ro ble m  c h a r a c te ris tic s . T h e re a f te r , g e n e tic  o p e r a to r s  
a n d  a  s e le c tio n  s c h e m e  w ill be  id e n tifie d  th a t s a tis f y  th e  r e q u ir e m e n ts  o f th e  d o m a in . 
F in a lly , g e n e r a l e x p e r im e n t d e s ig n  w ill be  d e s c r ibe d  a n d  th e  e x p e c te d  re s u lts  w ill be  
e x p lo re d  s u c h  th a t a  c o m p a r is o n  w ith  m e a s u re d  e m p ir ic a l re s u lts  c a n  be  m a d e  in  a  
la te r  c h a p te r. 
 
4 .2 . M E T R IC  S E L E C T IO N  
O f  in itia l c o n c e r n  is  a  m e tr ic , o r  a  s e rie s  o f  m e tr ic s , u p o n  w h ic h  it w ill be  
p o s s ible  to  a s s e s s  th e  e f f ic ie n c y  a n d  e x e c u tio n  c h a r a c te ris tic s  o f a n y  g iv e n  a p p r o a c h . 
A s  s ta te d  by  L o bo , L im a , &  M a rtir e s  (2 0 0 4 ) , th e re  a r e  th r e e  m a in  m e tr ic s  to  c o n s id e r  
in  m e a s u rin g  e ff ic ie n c y  in  g e n e tic  a lg o rith m s : e x e c u tio n  tim e , s o lu tio n  q u a lity , a n d  
m e m o r y  u s a g e . A lth o u g h  d is m is s e d  a s  e s s e n tia lly  c o n s ta n t in  a  tra d itio n a l g e n e tic  
a lg o r ith m  by  L o bo  e t a l., m e m o r y  u s a g e  w ith in  d if fe r e n t p a r a lle l im p le m e n ta tio n s  
m a y  v a r y  a n d  c o u ld  be  o f  s ig n ific a n c e . In  a d d itio n , th e  c o m m u n ic a tio n  o v e r h e a d s  o f 
a  d is tr ibu te d  a p p r o a c h  a n d  C P U  u s a g e  o f  a n  a u g m e n te d  a lg o rith m  a r e  o f c o n c e rn . 
T h e r e fo r e , th e  v a lu e s  o f  e x e c u tio n  tim e , s o lu tio n  q u a lity , m e m o r y  a n d  C P U  u s a g e , 
a n d  c o m m u n ic a tio n  r e q u ire m e n ts  w ill be  u s e d  to  g a u g e  th e  e f fic ie n c y  a n d  
e f fe c tiv e n e s s  o f  a lg o rith m s .  
 
A s  a n  a s id e , th e  m e tric  o f  fin a l s o lu tio n  q u a lity  is  in  f a c t r a th e r  c o a r s e - g r a in e d  in s o fa r  
a s  it d o e s  n o t p r o v id e  in s ig h t in to  th e  c h a r a c te ris tic s  o f th e  a lg o r ith m  in  a c h ie v in g  
th is  f in a l o u tp u t. In d e e d  th e re  a r e  s e v e r a l c o n c e rn s  w h e n  c o n s id e rin g  th e  q u a lity  o f 
s o lu tio n s  g e n e r a te d  by  th e  g e n e tic  a lg o rith m . P r im a rily , d u e  to  th e  f a c t th a t th e  
a lg o r ith m  w ill be  ru n  o v e r a  p r e d e f in e d  n u m be r  o f g e n e r a tio n s , th e  c o n s id e r a tio n  o f 
w h e th e r th e  a lg o r ith m  is  c o n v e r g in g  p r e m a tu re ly  o r c o n tin u e s  to  e x h ibit g e n e tic  
d iv e rs ity  is  o f  c o n s id e r a tio n . T h a t is , h a v in g  a llo w e d  th e  a lg o r ith m  to  c o n tin u e  
r u n n in g  p a s t th e  e n d  o f th is  s e t n u m be r  o f g e n e r a tio n s , w o u ld  it be  lik e ly  to  im p r o v e  
th e  q u a lity  o f  its  s o lu tio n s  o r  s im p ly  w a s te  th e  e x tra  c o m p u ta tio n a l tim e ?  A t th is  
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p o in t a  d e s c rip tio n  o f  th e  te c h n iq u e s  a v a ila ble  fo r  d e te r m in in g  th is  a r e  n o t p re s e n te d . 
H o w e v e r, a  m o re  th o r o u g h  m o tiv a tio n  f o r  th e ir n e e d  a n d  a  c o m p le te  s p e c if ic a tio n  o f  
th e  m e th o d s  u s e d  f o r m e a s u r in g  th is  a r e  p r e s e n te d  in  c h a p te r s  7  a n d  8  re s p e c tiv e ly . 
 
O bv io u s ly , w ith in  c e r ta in  a p p lic a tio n s , s o m e  m e tric s  m a y  n o t be  a p p lic a ble , fo r  
e x a m p le  c o m m u n ic a tio n s  o v e r h e a d  w ith in  a  s in g le  p r o c e s s o r  im p le m e n ta tio n . 
F u r th e r m o re , th e  w e ig h ts  a ttribu te d  to  e a c h  m e tr ic  m a y  v a r y . T h a t is , a  m e tric  m a y  
s o m e tim e s  be  im p o rta n t a n d  s o m e tim e s  n o t. F o r  e x a m p le , o n e  m a y  d e s ir e  a n  
a lg o r ith m  th a t p ro d u c e s  g o o d  q u a lity  s o lu tio n s  n o  m a tte r  th e  e x e c u tio n  tim e  re q u ir e d . 
In  m a n y  c a s e s , w h e r e  th e  m e a s u re m e n t o f  a  p a rtic u la r  m e tric  d id  n o t d e m o n s tra te  a n y  
o bs e rv a tio n s  o f  in te re s t, it is  o m itte d  fr o m  th e  re s u lts  in  a n  e f fo r t to  a v o id  o bfu s c a tin g  
im p o r ta n t f in d in g s . 
 
A ll m e tric s  a r e  m e a s u r e d  o v e r  m u ltip le  e x e c u tio n s  o f  th e  a lg o rith m  in  q u e s tio n  a n d  
th e  o bs e r v e d  r e s u lts  a re  a v e r a g e d . O u tlie rs  a r e  d is c a rd e d  w h e r e  th e y  a r e  s ig n ific a n tly  
d is p a r a te  f r o m  o bs e rv e d  tr e n d s . In  c o m p a r in g  m e tr ic s , th e  s to c h a s tic  n a tu r e  o f 
g e n e tic  a lg o r ith m s  is  ta k e n  in to  c o n s id e r a tio n  a n d  th e  s ta n d a r d  d e v ia tio n  o f  r e s u lts  is  
m e a s u r e d . F ro m  th is , it c a n  be  d e te r m in e d  if  o bs e r v e d  d is c r e p a n c ie s  in  m e a s u r e m e n ts  
a r e  in  f a c t r e p re s e n ta tiv e  o f  a lg o r ith m ic  p e r fo r m a n c e  d iff e r e n c e s  o r  a re  s im p ly  
a r te f a c ts  o f th e  im p lic it r a n d o m  n a tu re  o f  g e n e tic  a lg o r ith m s . T h r o u g h o u t th e  
r e m a in d e r  o f  th is  w o r k , th e s e  m e tric s  w ill be  r e f e r re d  to  by  th e  te r m s  p e r fo r m a n c e  
m e tr ic s  a n d  q u a lity  m e tr ic s . T h e  d is tin c tio n  be tw e e n  th e s e  tw o  is  m a d e  by  w h e th e r  
th e  m e tric  is  m e a s u r in g  th e  q u a n tita tiv e  p e r fo r m a n c e  o f  th e  a lg o rith m , s u c h  a s  C P U  
tim e , ru n  tim e , m e m o r y  u s a g e , e tc . o r  th e  q u a lita tiv e  p e rf o r m a n c e  o f th e  a lg o r ith m , 
s u c h  a s  q u a lity  o f  s o lu tio n s  o r  a m o u n t o f g e n e tic  d iv e r s ity . 
 
4 .3 . T E S T  P R O B L E M  A N D  A L G O R IT H M  M E C H A N IC S  
4 .3 .1 P R O B L E M  R E F IN E M E N T  
T h e  te s t p ro ble m  e m p lo y e d  f o r  th e s e  e x p e rim e n ts  w ill be  th a t o f th e  c a p a c ite d  
v e h ic le  ro u tin g  p ro ble m , a s  d e s c r ibe d  in  s e c tio n  3 .5 . A  s in g le  in s ta n c e  o f th e  
p r o ble m , M-n101-k10, w h ic h  is  d e s c r ibe d  in  f u ll w ith in  a p p e n d ix  B , w ill be  u s e d  
f o r e v e r y  e x p e rim e n t to  e n s u r e  th e r e  is  n o  v a ria n c e  in  r e s u lts  d u e  to  p r o ble m  
c o m p le x ity . N o te  th a t a ll p r o ble m  in s ta n c e s  u s e d  w ith in  th is  w o r k , e x c e p tin g  th e  te s t 
in s ta n c e s , a r e  fr o m  a  s ta n d a rd  libra r y  o f c a p a c ite d  v e h ic le  ro u tin g  p r o ble m s . T h e ir 
o p tim a l s o lu tio n s  a re  a ls o  p r o v id e d  f ro m  th is  libra r y  ( T . R a lp h s , 2 0 0 3 ). A  v a ria ble  
s iz e d  v e h ic le  f le e t w ill be  a s s u m e d  w ith  u n ifo r m , f ix e d  v e h ic le  c a p a c ity  o rig in a tin g  
f ro m  a  s in g le  d e p o t. T h e  te s t p r o ble m  is  a  m e a n s  r a th e r th a n  a n  e n d , a n d  a s  s u c h  th e  
e f fe c tiv e  a n d  e ff ic ie n t s o lu tio n  o f  th e  c a p a c ite d  v e h ic le  r o u tin g  p r o ble m  is  n o t th e  
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u ltim a te  g o a l o f  th e s e  e x p e rim e n ts ; r a th e r  a  u n if o r m  c o m p a r is o n  o f  th e  a lg o r ith m s  
e m p lo y e d  is  th e  d e s ir e d  o u tc o m e . 
 
4 .3 .2  E N C O D IN G  S C H E M E  
T h e  a p p ro p r ia te  s e le c tio n  o f  e n c o d in g  s c h e m e  r e q u ir e s  c o n s id e r a tio n  o f  th e  
p r o ble m  a t h a n d . A  c o m p le te  s o lu tio n  to  a n  in s ta n c e  o f  th e  c a p a c ite d  v e h ic le  ro u tin g  
p r o ble m  re q u ire s  th e  s e le c tio n  o f m u ltip le  r o u te s  c o n ta in in g  a  n u m be r o f  d e s tin a tio n  
n o d e s  e a c h . A ll d is ta n c e s  a r e  s y m m e tr ic a l, th a t is   =   w h e re   r e p r e s e n ts  th e  
d is ta n c e  fr o m  n o d e   to  n o d e  , a n d  in  a d d itio n   =  . E v e r y  d e s tin a tio n  n o d e  h a s  
a  d e m a n d , . T h e re f o r e , a  s o lu tio n  to  th e  p r o ble m  is  a  p e rm u ta tio n  o f  th e  n o d e s  in to  
s e v e ra l ro u te s  w h e r e  e a c h  r o u te   s a tis fie s  th e  e q u a tio n : 
 
w h e r e   is  th e  v e h ic le  c a p a c ity  w h ic h  is  f ix e d  fo r  a ll r o u te s  w ith in  th e  p r o ble m  
( P e re ira , T a v a r e s , M a c h a d o , &  C o s ta , 2 0 0 2 ) . 
 
C o n s id e r th e  fo llo w in g  s c h e m e  f o r  re p r e s e n tin g  s u c h  a  s o lu tio n  w ith in  a  g e n e tic  
a lg o r ith m . E a c h  g e n e  w ill re p r e s e n t a  s in g le  d e s tin a tio n  in  th e  p r o ble m  s p a c e  o r  a  
v e h ic le . A ll d e s tin a tio n s  f o llo w in g  a  v e h ic le  d e s ig n a tio n  a r e  c o n s id e r e d  to  be  a  ro u te . 
A  g ra p h ic a l e x a m p le  is  g iv e n  in  f ig u r e  4 .3 .2 .1 , w h ic h  s h o w s  tw o  ro u te s . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F ig u r e  4 .3 .2 .1 :   G r a p h ic a l r e p r e s e n t a t io n  o f  a  s a m p le  c h r o m o s o m e  w it h in  t h e  in it ia l 
r e p r e s e n t a t io n  p r o p o s it io n  
 
 
T h is  re p r e s e n ta tio n  d o e s  n o t e n f o rc e  r e s tr ic tio n s  o n  s o lu tio n s , a llo w in g  f o r  p o o r 
s o lu tio n s  w ith  g o o d  f ra g m e n ts  to  s till e x is t. It is  p a rtia lly  lo c u s -in d e p e n d e n t be c a u s e  
a  d e s tin a tio n  re ta in s  its  v a lu e  r e g a rd le s s  o f  lo c a tio n  w ith in  th e  c h ro m o s o m e , bu t its  
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lo c a tio n  d o e s  im p ly  th e  o r d e r o f  a  r o u te . U n d e s ire d  c h a r a c te ris tic s  ( f o r  e x a m p le , a  
s o lu tio n  w ith  r o u te s  th a t e x c e e d  th e  v e h ic le  c a p a c ity )  c a n  be  p e n a lis e d  in  th e  
e v a lu a tio n  o f  f itn e s s  f o r  th e  c h ro m o s o m e . T h e r e  a r e , h o w e v e r s e v e ra l s e r io u s  
p r o ble m s  w ith  th is  s ty le  o f r e p r e s e n ta tio n . B e c a u s e  o f  th e  o r d e r  d e p e n d e n c e  a n d  
v a r ia ble  le n g th  o f  th e  c h r o m o s o m e s , th e  c r o s s o v e r  o p e ra tio n  is  lik e ly  to  p ro d u c e  a  
h ig h  n u m be r  o f in v a lid  c h r o m o s o m e s ; th a t is , c h r o m o s o m e s  w h ic h  d o  n o t re p r e s e n t a  
p o s s ible  s o lu tio n  to  th e  p r o ble m . P a rtia lly  M a tc h e d  C r o s s o v e r  (P M X  –  s e e  s e c tio n  
3 .3 .3 )  c a n  be  u s e d  to  d e a l w ith  th e  o r d e r  d e p e n d e n c e  o f  th e  c h r o m o s o m e s  bu t its  
a p p lic a tio n  is  c o m p lic a te d  by  v a r ia ble  le n g th . 
 
A s  a n  a lte r n a tiv e  to  th e  s c h e m e  p r e s e n te d  a bo v e , c o n s id e r  in s te a d  s e p a ra tin g  th e  
d e s tin a tio n  in fo r m a tio n  f r o m  th e  ro u te  d e lin e a to r s . E a c h  in d iv id u a l w o u ld  n o w  be  
r e p re s e n te d  by  tw o  in te r r e la te d  c h r o m o s o m e s ; o n e  fo r  d e s tin a tio n  o rd e r  a n d  o n e  fo r  
r o u te  d e lin e a tio n . T h is  a llo w s  f o r th e  a p p lic a tio n  o f th e  P M X  o p e ra to r to  th e  n o w  
f ix e d  le n g th  d e s tin a tio n  c h r o m o s o m e  a n d  th e  m o d ifie d  c ro s s o v e r o p e r a tio n  ( s e e  
s e c tio n  3 .3 .3 ) to  th e  v a r ia ble  le n g th  ro u te  d e lin e a tio n  c h ro m o s o m e . T h is  a ls o  
e lim in a te s  a ll p o s s ibility  o f in v a lid  in d iv id u a ls .  
 
4 .3 .3  G E N E T IC  O P E R A T O R S  
S ta n d a r d  g e n e tic  o p e ra to rs  ( i.e . c r o s s o v e r , m u ta tio n  a n d  re p lic a tio n )  w ill be  
e m p lo y e d , w ith  m in o r a u g m e n ta tio n s  in  s o m e  c a s e s  to  d e a l w ith  th e  re p r e s e n ta tio n  
s c h e m e  d e v e lo p e d . E a c h  w ill be  w e ig h te d  a t a  fix e d  a m o u n t f o r a ll e x p e r im e n ts  to  
a v o id  v a r ia n c e  d u e  to  c h a n g e s  in  o p e ra to r a p p lic a tio n  p r o ba bility . A s  s ta te d  a lr e a d y , 
P M X  w ill be  u s e d  to  e n s u r e  e a c h  s o lu tio n  c o n ta in s  a  fu ll g e n e  c o m p le m e n t. V a r ia ble  
le n g th  c r o s s o v e r  w ill be  e m p lo y e d  to  d e a l w ith  th e  m u ta ble  s iz e  o f  th e  r o u te  
d e lim ita tio n  c h ro m o s o m e . T h e  g e n e tic  o p e r a to rs  u s e d  w ith in  th is  w o rk  a r e  d e s c r ibe d  
in  m o r e  d e ta il d u r in g  s e c tio n  5 .2 , w h e r e  th e y  a r e  te s te d  fo r  c o r r e c t p e r fo rm a n c e . 
 
4 .3 .4  S E L E C T IO N  S C H E M E  
A  s im p le  ra n k  ba s e d  s e le c tio n  s c h e m e  w h e r e  a ll in d iv id u a ls  in  a  p o p u la tio n  a re  
s o r te d  ba s e d  o n  f itn e s s  v a lu e  a n d  a s s ig n e d  a  ra n k  w ill be  e m p lo y e d  ( s e e  s e c tio n  
3 .3 .4 ) . T h is  w ill m in im is e  th e  e f f e c ts  o f s u p e r  in d iv id u a ls  o n  s e le c tio n  p re s s u r e  
( G o ld be r g , 1 9 8 9 a ; W h itle y , 1 9 8 9 ) . P r o ba bility  o f be in g  s e le c te d  f o r r e p r o d u c tio n  w ill 
be  p r o p o rtio n a l to  r a n k . T h a t is , m e m be rs  w ith  a  h ig h  r a n k  w ill be  a llo c a te d  m o re  
r e p ro d u c tiv e  tria ls  th a n  th o s e  w ith  lo w e r  r a n k . 
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4 .3 .5  M IG R A T IO N  S C H E M E  
T h e  m ig r a tio n  s c h e m e  u s e d  w ith in  th e  p a ra lle l v a r ia n ts  o f  th e  a lg o rith m  w ill 
in v o lv e  th e  m ig ra tio n  o f  a  ra n d o m  in d iv id u a l f ro m  e a c h  is la n d  to  a  r a n d o m  is la n d  
e v e r y  g e n e r a tio n . A lth o u g h  th e  a lg o r ith m  h a s  be e n  d e v e lo p e d  w ith  th e  c a p a c ity  to  
v a r y  th is  m ig ra tio n  s c h e m e  by  s e le c tin g  o n ly  h ig h  fitn e s s  in d iv id u a ls  fo r  m ig r a tio n  o r 
r e d u c in g  th e  m ig ra tio n  f r e q u e n c y , p r e lim in a r y  o bs e r v a tio n s  s u g g e s t th a t m o d if ic a tio n  
o f  th e s e  a ttribu te s  d o e s  n o t re s u lt in  s ig n if ic a n t im p r o v e m e n t o f  p e r fo r m a n c e  w ith in  
th is  d o m a in  a n d  e x p e rim e n ta tio n  in v o lv in g  th is  is  n o t e x p lo r e d  fu r th e r . U n le s s  
o th e rw is e  s a te d , th e  m ig r a tio n  s c h e m e  in  u s e  is  th a t w h ic h  is  d e s c r ibe d  h e r e . 
 
4 .4 . G E N E R A L  E X P E R IM E N T  D E S IG N  
4 .4 .1 R E Q U IR E M E N T S  S E P A R A T IO N  
T h e  s ta te d  h y p o th e s is  c a n  be  s e p a r a te d  in to  s e v e r a l s m a lle r  in te r m e d ia te  g o a ls , 
s o m e  o f  w h ic h  a re  n o t d ir e c tly  d e p e n d e n t. T h e  f ir s t o f th e s e  g o a ls  is  to  p r o v e  o r 
d is p ro v e  th e  a s s e rtio n  th a t p a r a lle l g e n e tic  a lg o rith m s  o u tp e r fo r m  th e ir s e ria l 
c o u n te r p a r ts . F o llo w in g  th is , th e re  is  th e  n e e d  to  s h o w  th a t a  d is tr ibu te d  a p p ro a c h  is  
e ith e r  m o r e  e ff ic ie n t o r  le s s  e f fic ie n t. F in a lly , th e  e ff e c ts  o f  a d d in g  h e u r is tic s  to  th e  
a lg o r ith m  m u s t be  m e a s u re d  a n d  d e te r m in e d  to  e ith e r im p r o v e  p e rf o r m a n c e  o r  n o t. 
M e a s u r e m e n ts  o f p e r f o r m a n c e , e f f ic ie n c y , a n d  e f f e c tiv e n e s s  w ill be  ba s e d  u p o n  th e  
m e tr ic s  o u tlin e d  in  s e c tio n  4 .2 . T h e  fo llo w in g  s e c tio n s  w ill p r e s e n t a n  e x p e rim e n t 
d e s ig n  a im e d  a t a d d r e s s in g  e a c h  o f th e s e  r e q u ire m e n ts . 
 
4 .4 .2  S E R IA L  A N D  P A R A L L E L  C O M P A R IS O N  
A s  s ta te d  in  s e c tio n  3 .4 .7 , a  p a ra lle l g e n e tic  a lg o rith m  n e e d  n o t be  d is tr ibu te d  
o v e r  m u ltip le  p r o c e s s o r s . T o  m a k e  th e  c o m p a r is o n  be tw e e n  th e  s e ria l a n d  n o n -
d is tr ibu te d  p a ra lle l v a r ia n ts  o f  th e  g e n e tic  a lg o r ith m , th e  d e s ig n  e x p la in e d  in  s e c tio n  
4 .3  w ill be  im p le m e n te d  a n d  te s te d  o n  th e  c a p a c ite d  v e h ic le  ro u tin g  p r o ble m  a s  
s p e c if ie d  in  s e c tio n  3 .5 . T h e  a lg o r ith m  w ill th e n  be  p a ra lle lis e d , m a in ta in in g  th e  
o p e r a to r  s tr u c tu r e  a n d  e s s e n tia lly  a ll o f  th e  m e c h a n ic s  o f th e  a lg o r ith m . T h e  tw o  
a lg o r ith m s  w ill be  m e a s u re d  ba s e d  o n  th e  m e tr ic s  p r e s e n te d  in  s e c tio n  4 .2  a n d  
c o m p a r is o n s  d r a w n .  
 
F in e - g r a in e d  p a r a lle l a lg o rith m s  a re  g e n e r a lly  d e s ig n e d  fo r  s p e c if ic , h ig h  e n d  
h a r d w a r e . In d e e d  th e  c o n c e p t o f a s s ig n in g  a  s in g le  m e m be r  o f  th e  p o p u la tio n  to  e a c h  
p r o c e s s in g  e le m e n t is  n o t a p p lic a ble  to  a  s in g le  p r o c e s s o r  im p le m e n ta tio n . T h e re f o re , 
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a  c o a rs e - g r a in e d  a p p ro a c h  w ill be  ta k e n  w ith in  th is  a n d  a ll f u rth e r e x p e r im e n ts  
h e r e in . 
 
T h e  s e le c te d  p a r a lle l im p le m e n ta tio n s  w ill e m p lo y  a  c o a rs e - g r a in e d , m u lti-
p o p u la tio n  a p p ro a c h  w ith  m ig ra tio n  be tw e e n  th e  p o p u la tio n s  in  a  tim e ly  m a n n e r. In  
th is  m o d e l, e a c h  is la n d  w ill s e le c t a n o th e r  f o r m ig r a tio n  to  w h ic h  it w ill s e n d  a  
r a n d o m  m e m be r  o f its  p o p u la tio n . T h e r e  w ill be  n o  re s tr ic tio n  o n  th e  d e s tin a tio n  
is la n d  f o r m ig r a tio n ; th a t is , n o  to p o g r a p h ic a l o r g e o g r a p h ic a l s tr u c tu r e  is  im p o s e d  
c o n c e p tu a lly  u p o n  th e  is la n d  o r g a n is a tio n . 
 
4 .4 .3  D IS T R IB U T E D  A N D  N O N -D IS T R IB U T E D  C O M P A R IS O N  
A  d is tr ibu te d  v e rs io n  o f th e  p a ra lle l a lg o r ith m  in tro d u c e d  in  s e c tio n  4 .3  w ill be  
te s te d  a n d  its  re s u lts  c o m p a r e d  to  th a t o f  its  n o n -d is tr ibu te d  a n d  s e r ia l c o u n te r p a rts . 
T h e  p u r p o s e  d u r in g  th is  s te p  is  to  a s c e r ta in  th e  v a lid ity  o f  th e  c la im  th a t a  d is tribu te d  
p a r a lle l a lg o r ith m  w ill o u tp e r f o rm  th e  s e r ia l a n d  n o n -d is tr ibu te d  v a ria n ts . 
Im p r o v e m e n ts  fr o m  th e  n o n - d is tribu te d  p a r a lle l to  th e  d is tr ibu te d  p a ra lle l a r e  
e x p e c te d  to  be  p e r f o rm a n c e  im p ro v e m e n ts  o n ly ; th a t is , th e  q u a lity  o f  s o lu tio n s  
f o u n d  a re  e x p e c te d  to  be  c o m p a r a ble . D u r in g  th is  s ta g e , th e  n u m be r  o f  p ro c e s s o rs  
a v a ila ble  f o r  th e  d is tr ibu te d  a lg o r ith m  w ill be  in c r e m e n ta lly  in c re a s e d  to  d e te rm in e  
th e  re la tio n s h ip  be tw e e n  c lu s te r  s iz e  a n d  a lg o r ith m  e ff ic ie n c y . A ll m a c h in e s  w ill 
h a v e  th e  s a m e  m e m o r y  a n d  C P U  c h a ra c te r is tic s . 
 
4 .4 .4  H E U R IS T IC  C O M P A R IS O N  
T h e  f in a l s ta g e  o f e x p e r im e n ta tio n  w ill in v o lv e  a d d in g  h e u ris tic s  to  e a c h  o f th e  
a lg o r ith m s . T w o  h e u r is tic s  ba s e d  o n  d o m a in  k n o w le d g e  o f  th e  p r o ble m  w ill be  
in c o rp o r a te d . T h e  f ir s t o f  th e s e  w ill a llo w  fo r  th e  r e - o rd e r in g  o f  c h ro m o s o m e s  s u c h  
th a t th e  d e s tin a tio n  s e le c te d  fir s t in  a n y  p a r tic u la r  r o u te  is  th a t w h ic h  is  c lo s e s t to  th e  
d e p o t. T h e  s e c o n d  w ill be  u s e d  w ith in  a  c o n c e p tu a l d e c o m p o s itio n  o f  th e  p ro ble m  
in to  s u b-p ro ble m s  f o r p a r a lle l e v a lu a tio n . 
 
4 .5 . G E N E R A L  E X P E C T A T IO N S   
B a s e d  o n  th e  r e v ie w  o f g e n e tic  a lg o r ith m s  p re s e n te d  in  c h a p te r 3 , it is  p o s s ible  to  
m a k e  e d u c a te d  p r e d ic tio n s  o f  th e  r e s u lts  th a t s h o u ld  be  e x p e c te d  fr o m  th e s e  
e x p e r im e n ts . T h is  s e c tio n  w ill p r e s e n t th e  o u tc o m e s  th a t a r e  e x p e c te d , a llo w in g  fo r  
c o m p a r is o n  w ith  a c tu a l o bs e r v e d  e m p iric a l r e s u lts  a t a  la te r s ta g e . 
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It is  e x p e c te d  th a t th e  n o n - d is tribu te d  p a r a lle l a lg o rith m  w ill o u tp e rf o r m  its  s e ria l 
c o u n te r p a r t d u e  to  th e  in c re a s e d  p a r a lle l e x p lo r a tio n  o f th e  s e a r c h  s p a c e . T h is  is  d u e  
to  th e  im p r o v e d  m a in te n a n c e  o f g e n e tic  d iv e rs ity  a n d  th e  g r e a te r  s e a r c h  a r e a  a f fo rd e d  
by  th e  p a r a lle l a p p r o a c h , a s  o u tlin e d  in  s e c tio n  3 .4 . E x p e c te d  re s u lts  a re  be tte r  q u a lity  
s o lu tio n s  w ith in  th e  s a m e  tim e fr a m e  a s  th e  s e ria l a lg o rith m  bu t g re a te r to ta l m e m o r y  
a n d  C P U  u s a g e . C o m m u n ic a tio n s  o v e r h e a d  is  n o t a p p lic a ble  to  th is  e x p e rim e n t. In  
s h o r t, th e  p a r a lle l a lg o r ith m  is  e x p e c te d  to  s h o w  im p ro v e d  p e r f o r m a n c e  a t a n  
in c re a s e  in  c o m p u ta tio n a l re q u ire m e n t. 
 
T h e  d is tr ibu te d  p a ra lle l a lg o r ith m  is  e x p e c te d  to  d e m o n s tr a te  a n  a lm o s t lin e a r  
s p e e d u p  o v e r  th e  n o n -d is tr ibu te d  v a ria n t a s  th e  n u m be r  o f h o s ts  in c re a s e . T h is  is  in  
th e  n u m be r  o f c a n d id a te  s o lu tio n s  it c a n  e v a lu a te , n o t n e c e s s a r ily  in  th e  q u a lity  o f 
s o lu tio n s  fo u n d . A  c e r ta in  a m o u n t o f  im p ro v e m e n t in  e x e c u tio n  tim e  w ill be  lo s t to  
c o m m u n ic a tio n s  o v e r h e a d . D is tr ibu te d  m e m o r y  u s a g e  is  e x p e c te d  to  be  e s s e n tia lly  
id e n tic a l to  th e  n o n - d is tribu te d  v e r s io n . 
 
F in a lly , th e  h e u r is tic - e n h a n c e d  v e r s io n s  o f  th e  a lg o rith m  a re  e x p e c te d  to  s h o w  
im p r o v e d  s o lu tio n s  q u a lity  in  a  g iv e n  e x e c u tio n  tim e  o v e r a ll o th e r v a r ia n ts  w ith  
e s s e n tia lly  th e  s a m e  m e m o r y  u s a g e  a n d  c o m m u n ic a tio n s  o v e r h e a d . A v e r a g e  C P U  
u s a g e  p e r  m a c h in e  is  e x p e c te d  to  be  s lig h tly  g re a te r h o w e v e r .  
 
T h e s e  e x p e rim e n t d e s ig n s  c o u p le d  w ith  th e  e x p e c te d  r e s u lts  p r o v id e  a  m o r e  d e ta ile d  
s p e c if ic a tio n  o f  th e  h y p o th e s is . E a c h  o f th e s e  e x p e r im e n ts  w ill be  r u n  o v e r a  1 0 0  
g e n e ra tio n  p e r io d , u n le s s  o th e r w is e  s ta te d . 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
3 2  
 
5 . A R C H IT E C T U R E , T O P O L O G Y  A N D  C O N F IG U R A T IO N  
5 .1. E N V IR O N M E N T  
W ith in  th e  p r e v io u s  c h a p te r , th e  g e n e ra l r e q u ir e m e n ts  o f  th e  a n a ly s is  a n d  th e  
o v e r a ll s tr u c tu r e  o f e x p e r im e n ts  d e s ig n e d  to  p ro v id e  in s ig h t in to  th e  p ro o f  o r  
o th e rw is e  o f th e  h y p o th e s is  w e re  p r e s e n te d . It is  n o w  r e le v a n t to  d e s c r ibe  th e  
a r c h ite c tu r e  u p o n  w h ic h  th e s e  e x p e r im e n ts  w ill be  r u n . T h is , o f  c o u rs e , is  a  d e f in in g  
f a c to r  in  a n  a p p r o p ria te  lo w  le v e l s p e c if ic a tio n  o f  th e  d e s ire d  e x p e r im e n ts . S u c h  lo w  
le v e l s p e c if ic a tio n s  a re  e x p lo r e d  in  d e p th  w ith in  th e  n e x t c h a p te r.  
 
T h e  e x e c u tio n  p la tf o rm s  c a n  be  c o n c e p tu a lly  s e p a r a te d  in to  tw o  c la s s e s ; th e  2 3 3 M H z  
e x e c u tio n  c la s s  a n d  th e  8 0 0 M H z  e x e c u tio n  c la s s . T h e s e  tw o  c la s s e s  o f  c o u rs e  r e fe r  to  
th e  c lo c k  s p e e d  o f  th e  r e le v a n t p ro c e s s o rs . M o r e o v e r , a s  w a s  d o n e  in  p r e v io u s  
c h a p te r s , th e  a lg o rith m s  c a n  be  s e p a r a te d  in to  th re e  c la s s e s : s e ria l, n o n - d is tr ibu te d  
p a r a lle l a n d  d is tribu te d  p a r a lle l. O n ly  th e  la s t o f th e s e  th r e e  r e q u ir e s  a  c lu s te r  o f  
m a c h in e s . D e s c rip tio n s  o f th e  a r c h ite c tu re  a n d  to p o lo g y  u s e d  fo r th e  tw o  fo r m e r  
a lg o r ith m s  a r e  triv ia l, bu t p r e s e n te d  fo r c o m p le te n e s s . A s  s ta te d  p re v io u s ly , u s e  o f  
th e  te r m  p a r a lle l d o e s  n o t im p ly  d is tribu te d  u n le s s  th is  h a s  be e n  s p e c ific a lly  s ta te d . 
 
5 .1.1 S E R IA L  A N D  P A R A L L E L  E X E C U T IO N  E N V IR O N M E N T S  
T h e  e n v ir o n m e n ts  fo r  r u n n in g  th e  s e ria l a n d  n o n - d is tribu te d  p a r a lle l a lg o rith m  
a r e  th e  s a m e ; th e  o n ly  d if f e r e n c e  is  in  th e ir u s a g e . T h e  tw o  e x e c u tio n  p la tfo rm s  o f 
2 3 3 M H z  a n d  8 0 0 M H z  a r e  e m p lo y e d . In  g e n e r a l, it w ill n o t be  s ta te d  w h ic h  o n e  w a s  
u s e d  fo r  a  p a rtic u la r e x p e r im e n t u n le s s  th e  s p e e d  o f e x e c u tio n  o r  m e m o r y  u s a g e  is  
be in g  e v a lu a te d  a s  p a rt o f  th e  g iv e n  e x p e r im e n ts  c o m p a ris o n  m e tric . T h e  h o s ts  o f  
s p e e d  2 3 3 M H z  a re , u n le s s  o th e rw is e  s ta te d  w ith in  th e  e x p e r im e n t, r u n n in g  o n ly  
c o m m a n d - lin e  L in u x  w ith  r e la tiv e ly  little  e x tra  lo a d  u p o n  th e  s y s te m . T h e  8 0 0 M H z  
m a c h in e  h o w e v e r  is  r u n n in g  W in d o w s  X P  a n d  is  o fte n  u n d e r e x tr a  lo a d . T h is  
d is c r e p a n c y  in  s y s te m  lo a d  h a s  be e n  n o te d  a n d  is  d is c u s s e d  w ith in  e x p e r im e n ts  
w h e r e  it is  r e le v a n t. 
 
5 .1.2  D IS T R IB U T E D  E X E C U T IO N  E N V IR O N M E N T  
T h e  e x e c u tio n  e n v ir o n m e n t f o r th e  d is tribu te d  p a r a lle l a lg o r ith m  is  m o re  c o m p le x  
a n d  f le x ible  th a n  th a t o f th e  s e r ia l a n d  n o n -d is tr ibu te d  a lg o r ith m s . O f  c o u r s e , to  
p r o v id e  a n  e f fe c tiv e  d is tr ibu te d  e n v ir o n m e n t, m u ltip le  h o s ts  a r e  re q u ir e d , f o u r  o f 
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w h ic h  w e r e  a v a ila ble  f o r e x p e r im e n ts  in  th is  d o m a in . T h e  e n a blin g  te c h n o lo g ie s  to  
p r o v id e  th e  c lu s te r  w e r e  S u n  G r id  E n g in e  ( S G E ), J a v a  R e m o te  M e th o d  I n v o c a tio n  
( R M I) a n d  th e  s ta n d a rd  N e tw o r k  F ile  S y s te m  (N F S ) . A ll m a c h in e s  a re  r u n n in g  th e  
L in u x  F e d o r a  o p e r a tin g  s y s te m , o n e  o f  w h ic h  h a s  a  g r a p h ic a l u s e r  in te r fa c e  in s ta lle d .  
 
T h e  S G E  c o m p o n e n t p ro v id e s  th e  m e th o d  f o r jo b s c h e d u lin g  a n d  d is tribu tio n . 
A lth o u g h  in  g e n e r a l jo bs  c a n  be  s u bm itte d  to  a n y  h o s t a n d  th e n  d is tr ibu te d  to  a n  
a p p r o p ria te  m e m be r  o f th e  c lu s te r  f o r e x e c u tio n , w ith in  th e  c o n te x t o f  th is  w o rk  o n ly  
s u bm is s io n  to  th e  m a s te r  e x e c u tio n  h o s t w a s  u tilis e d . T h e  m a s te r  h o s t m o n ito r s  th e  
lo a d  a n d  c h a r a c te r is tic s  o f  a ll h o s ts  w ith in  th e  c lu s te r  a n d  s u bm its  jo bs  to  th e  
e x e c u tio n  h o s ts . W ith in  th e  c o n fig u r a tio n  u s e d  h e r e , th e  m a s te r h o s t is  a ls o  a n  
e x e c u tio n  h o s t. T h a t is , jo bs  m a y  be  e x e c u te d  o n  th e  m a s te r  h o s t. S ta tis tic s  o f  a ll jo bs  
e x e c u te d  a r e  s to r e d , s u c h  a s  C P U  a n d  m e m o r y  u s a g e , e x e c u tio n  tim e  a n d  I O . T h e s e  
s ta tis tic s  f o rm  th e  ba s is  o f  m a n y  o f  th e  p e r f o rm a n c e  m e tric s  c o lle c te d  fo r  c o m p a r is o n  
p u r p o s e s . F ig u r e  5 .1 .2 .1  s h o w s  th e  f o u r h o s ts  w ith in  th e  c lu s te r. E a c h  h o s t h a s  be e n  
s p lit in to  th re e  c o n c e p tu a l c o m p o n e n ts ; th e  g rid  e n g in e  c o m p o n e n t is  s h o w n  a t th e  
to p  o f e a c h  h o s t a n d  th e  f lo w  o f  jo bs  f r o m  th e  m a s te r  h o s t to  th e  e x e c u tio n  h o s ts  is  
m a rk e d  by  th e  s o lid  lin e .  
 
 
 
 
F ig u r e  5 .1 .2 .1 :  T h e  t o p o lo g y  o f  t h e  d is t r ib u t e d  e n v ir o n m e n t  
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T h e  g r id  e n g in e  r e p r e s e n ts  th e  m e th o d  f o r  e f f e c tiv e  jo b d is tr ibu tio n , m o n ito r in g  a n d  
s ta tis tic a l a n a ly s is  o f  p e rf o r m a n c e . H o w e v e r , it d o e s  n o t p r o v id e  a  m e c h a n is m  fo r  
in te r -h o s t c o m m u n ic a tio n s  in  a  d is tr ibu te d  p a ra lle l p r o c e s s . T h e  c o n c u r r e n tly  
e x e c u tin g  ja v a  v irtu a l m a c h in e s  w h ic h  r e p r e s e n t th e  is la n d s  w ith in  th e  d is tribu te d  
p a r a lle l g e n e tic  a lg o r ith m  a re  s u c h  a  p a r a lle l p ro c e s s . T o  fa c ilita te  th e ir 
in te r c o m m u n ic a tio n  th e  J a v a  R M I te c h n o lo g y  w a s  e m p lo y e d  to  a llo w  in d ir e c t 
c o m m u n ic a tio n  be tw e e n  th e  is la n d s . T h e  c o n f ig u r a tio n  f o r th is  is  s im ila r to  th a t fo r  
th e  g r id  e n g in e  to p o lo g y , in  th a t o n e  h o s t is  d e s ig n a te d  a s  th e  m a s te r a n d  f a c ilita te s  
c o m m u n ic a tio n  be tw e e n  a ll o f  th e  is la n d s . A s  w ith  th e  g rid  e n g in e  to p o lo g y , th e  
m a s te r h o s t m a y  a ls o  c o n ta in  a n  is la n d  o f  its  o w n . T h is  m a s te r  h o s t a ls o  c o lle c ts  
s ta tis tic s  f ro m  e a c h  o f  th e  is la n d s  a bo u t th e  q u a lity  o f  s o lu tio n s  f o u n d  th u s  fa r  a n d  
g e n e ra te s  lo g s  o f  th e  o v e r a ll p e r f o rm a n c e  o f th e  is la n d s  a n d  th e  c lu s te r  in  g e n e r a l. It 
is  th e s e  lo g s  f ro m  w h ic h  th e  q u a lity  m e tric s  u s e d  in  c o m p a r is o n  a r e  d e r iv e d . T h e  
lo w e s t la y e r o f  th e  h o s ts  s h o w n  in  f ig u r e  5 .1 .2 .1  r e p re s e n ts  th e  flo w  o f  m ig r a n ts . 
T h o s e  m ig r a n ts  le a v in g  th e  is la n d s  a re  s e n t to  th e  m a s te r  h o s t w h e r e  th e y  w ill be  
r e d is tribu te d  to  a n o th e r  is la n d . 
 
F in a lly , th e  N F S  f a c ility  p ro v id e d  w ith  th e  L in u x  d is tr ibu tio n  w a s  e m p lo y e d  to  
r e m o v e  th e  n e e d  f o r d u p lic a te  c o d e , e x e c u ta ble s  a n d  lo g s . T h a t is , th e  c o d e  a n d  
e x e c u ta ble s  w e r e  s to re d  w ith in  a  m a s te r h o s t a n d  th is  w a s  m a d e  a v a ila ble  to  th e  o th e r 
h o s ts  w ith in  th e  c lu s te r v ia  a n  N F S  s h a re .  T h e  c e n tra l s e g m e n t o f  th e  h o s ts  d e p ic te d  
in  fig u r e  5 .1 .2 .1  r e p r e s e n ts  th e  d is tr ibu tio n  o f  e x e c u ta ble  c o d e  f ro m  th e  m a s te r  h o s t. 
 
5 .2 . A L G O R IT H M  T E S T IN G  
S ta n d a r d  u n it a n d  s y s te m  te s tin g  w a s  c a r r ie d  o u t d u r in g  d e v e lo p m e n t to  e n s u r e  
th e  a lg o r ith m  f u n c tio n s  c o rr e c tly . T o  te s t th e  f in a l a lg o r ith m , s e v e r a l s m a ll v e rs io n s  
o f  th e  c a p a c ite d  v e h ic le  r o u tin g  p r o ble m  w e r e  d e v is e d  w ith  re la tiv e ly  s im p le  
s o lu tio n s . T h e  m o tiv a tio n  f o r te s tin g  o n  s m a ll p r o ble m s  w a s  to  r e d u c e  th e  s e a r c h  
s p a c e  s o  a s  to  a llo w  a  bru te  f o rc e  e n u m e r a tio n  o f  th e  p o s s ible  s o lu tio n s . It a ls o  
a llo w s  v is u a l in s p e c tio n  o f  th e  p r o ble m  to  v e r if y  s o lu tio n s  a n d  m a n u a l c o m p u ta tio n  
o f  ro u te  d is ta n c e s  to  e n s u r e  c o r r e c tn e s s . O n e  s u c h  te s t in s ta n c e  is  p r e s e n te d  h e re , in  
s e v e ra l m o d ifie d  s ta te s  to  d e m o n s tra te  th is  fin a l te s tin g  m e a s u r e . A ll th r e e  v a ria n ts  
a r e  p r e s e n t in  th e ir e n tir e ty  in  a p p e n d ic e s  A 0 , A 1  a n d  A 2 . 
 
T h e  in s ta n c e  in  q u e s tio n  c o n ta in s  fiv e  n o d e s  –  o n e  d e p o t a n d  4  d e s tin a tio n s . T h e  
v e h ic le  c a p a c ity  is  3 3  u n its . D u e  to  its  bre v ity , th e  fu ll c o - o rd in a te  a n d  d e m a n d  
s p e c if ic a tio n  is  p re s e n te d  in  ta ble  5 .2 .1  a n d  d is p la y e d  g r a p h ic a lly  in  fig u r e  5 .2 .2 . 
 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
3 5  
T a b le  5 .2 .1 :  T h e  t e s t  C V R P  in s t a n c e ;  n o d e  1  is  t h e  d e p o t . F u lly  p r e s e n t e d  in  a p p e n d ix  A 0  
N o d e  X  c o - o rd in a te  Y  c o - o r d in a te  D e m a n d  
1  3 0  4 0  0  
2  3 7  5 2  1 9  
3  4 9  4 9  2 0  
4  5 2  6 4  6  
5  2 0  3 0  1 0  
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F ig u r e  5 .2 .2 :   T h e  t e s t  C V R P  r e p r e s e n t e d  g r a p h ic a lly . N o d e  1  is  t h e  d e p o t . 
 
T h e  p r o ble m  w a s  s o lv e d  f ir s t u s in g  a  bru te  fo r c e  e n u m e r a tio n  o f a ll th e  p o s s ible  
p e r m u ta tio n s  o f r o u te s . T h e r e  e x is t m u ltip le  s o lu tio n s  w h ic h  m in im is e  th e  to ta l 
d is ta n c e  tr a v e lle d . O n e  s u c h  s o lu tio n  c o n ta in s  th r e e  ro u te s , th e  f ir s t be in g  to  n o d e  2 , 
th e  s e c o n d  to  n o d e  4  a n d  th e  la s t to  n o d e s  3  a n d  4  in  th a t o r d e r. T h e  to ta l d is ta n c e  
tra v e lle d  in  s u c h  a  s o lu tio n  is  1 2 4  u n its . M a n u a l c o m p u ta tio n  o f  e d g e  w e ig h ts  
c o n f ir m s  th is  v a lu e  a n d , in  c o n ju n c tio n  w ith  o th e r  s im ila r  te s ts 1 1 , c o n firm s  th e  c o r r e c t 
o p e r a tio n  o f th e  d is ta n c e  d e p e n d e n t c o m p u ta tio n  o f s o lu tio n  fitn e s s . M a n u a l 
in s p e c tio n , a lth o u g h  te d io u s , a ls o  p r o v e s  th is  to  be  a  m in im u m  c o m bin a tio n  o f e d g e  
w e ig h ts  w ith in  th e  g r a p h . 
 
K n o w in g  th e  o p tim a l v a lu e  f o r  th is  p ro ble m  in s ta n c e , th e  g e n e tic  a lg o r ith m  w a s  
e x e c u te d  a n d  f o u n d  th e  o p tim a l s o lu tio n  o n  a v e ra g e  in  le s s  th a n  3  g e n e r a tio n s . It is  
p r o m is in g  a t th is  s ta g e  to  n o te  th e  e f f e c tiv e  d e c r e a s e  in  c o m p u ta tio n a l tim e  re q u ire d  
                                                 
1 1  W h ic h  a r e  o m itte d  h e r e  a s  th e y  a r e  e s s e n tia lly  r e p e titio n  o f  th e  s a m e  a p p r o a c h  w ith  d if fe r e n t 
in s ta n c e s  d e s ig n e d  to  c a p tu r e  bo u n d a r y  c o n d itio n s  e tc . 
5  1  2  3  
4  
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by  th e  g e n e tic  a lg o rith m  o v e r  th e  bru te  f o rc e  e n u m e ra tio n . H o w e v e r, th is  w o rk  is  in  
n o  w a y  a im e d  a t c o m p a r in g  th e  p e rf o rm a n c e  o f g e n e tic  a lg o rith m s  to  bru te  f o r c e  
s e a rc h , o r  o th e r  s e a r c h  te c h n iq u e s . 
 
A  m o d ifie d  v e rs io n  o f th e  a bo v e  in s ta n c e  is  n o w  p r e s e n te d  a s  a n  a d d itio n a l 
e x a m in a tio n  o f  c o rr e c t o p e r a tio n . T h e  v e h ic le  c a p a c ity  is  c h a n g e d  f ro m  its  o r ig in a l 
3 3  u n its  to  a  v a lu e  o f 4 5  u n its . T h e  o p tim a l s o lu tio n  f o u n d  by  th e  bru te  f o r c e  
e n u m e r a tio n  c o n ta in s  o n ly  tw o  r o u te s  n o w ; o n e  c o n ta in in g  d e s tin a tio n s  2 , 3  a n d  4  
a n d  o n e  c o n ta in in g  o n ly  d e s tin a tio n  5 . T h e  to ta l d is ta n c e  c o s t is  n o w  9 6 . V is u a l 
in s p e c tio n  a n d  m a n u a l c o m p u ta tio n  o n c e  a g a in  s h o w s  th is  to  be  th e  c o rr e c t tr ip  c o s t 
a n d  th e  s m a lle s t p o s s ible  c o m bin a tio n  o f e d g e  w e ig h ts  w ith in  th e  p ro ble m  
c o n s tr a in ts . T h e  g e n e tic  a lg o r ith m  f in d s  th e  s a m e  s o lu tio n  o n  a v e r a g e  w ith in  th e  f ir s t 
f e w  g e n e ra tio n s . 
 
O n e  f in a l m o d if ie d  v e r s io n  is  c o n s tru c te d  by  c h a n g in g  th e  d e m a n d s  s e c tio n  o f  th e  
p r o ble m , th e  v e h ic le  c a p a c ity  re m a in s  a t its  o r ig in a l 3 3  u n its . T h e  n e w  n o d e  d e m a n d s  
a r e  p r e s e n te d  in  ta ble  5 .2 .3  a n d  in tu itiv e ly  w ill re q u ir e  th e  d is p a tc h  o f  a  s in g le  
v e h ic le  to  e a c h  o f  th e  n o d e s . In d e e d  th is  is  th e  s tr u c tu r e  o f th e  s o lu tio n  p r e s e n te d  by  a  
bru te  f o rc e  e n u m e ra tio n ; o n e  ro u te  fo r  e v e r y  n o d e  in  th e  s e t o f 2 ,3 ,4 ,5  r e s u ltin g  in  a  
to ta l d is ta n c e  o f  1 6 3  u n its . M a n u a l in s p e c tio n  o n c e  a g a in  v e r if ie s  th is  trip  c o s t a n d  
th e  g e n e tic  a lg o rith m  a r riv e s  ra p id ly  a t th e  s a m e  r e s u lt. 
 
T a b le  5 .2 .3 :  t h e  f in a l m o d if ie d  t e s t  C V R P  in s t a n c e , f u lly  d e s c r ib e d  in  a p p e n d ix  A 2  
N o d e  X  c o - o rd in a te  Y  c o - o r d in a te  D e m a n d  
1  3 0  4 0  0  
2  3 7  5 2  3 3  
3  4 9  4 9  3 3  
4  5 2  6 4  3 3  
5  2 0  3 0  3 3  
 
 
A t th is  p o in t w ith in  te s tin g , th e  r e p r e s e n ta tio n  a n d  p r o ble m  s p e c ific  o p e ra tio n  o f th e  
a lg o r ith m  h a s  be e n  e x te n s iv e ly  te s te d  a n d  s h o w n  to  fu n c tio n  c o r r e c tly . H o w e v e r , th e  
o p e r a tio n  o f th e  g e n e tic  a lg o rith m  –  in  p a rtic u la r th e  c ro s s o v e r p r o c e d u re s  –  h a s  n o t 
be e n  a d e q u a te ly  r e v ie w e d  a n d  w ill th e r e fo r e  be  e x a m in e d  in  c lo s e r  d e ta il. 
 
W ith in  th is  e v a lu a tio n , th e  c o r r e c t fu n c tio n  o f th e  g e n e tic  o p e r a to r s  is  c o n s id e r e d  
ba s e d  o n  th e ir s p e c if ic a tio n  by  G o ld be r g  ( 1 9 8 9 a ) a n d  a s  d e s c r ibe d  in  s e c tio n  3 .3 .3 . 
T h e ir e f f e c tiv e n e s s  in  th e  p r o ble m  d o m a in  is  n o t c o n s id e re d . T h a t is , th is  s e c tio n  w ill 
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v a lid a te  th e  fu n c tio n  o f  th e s e  o p e r a to r s  ra th e r th a n  v e rif y in g  th a t th e y  p r o d u c e  u s e f u l 
r e s u lts . E x p lo r a tio n  o f  th e  u s e f u ln e s s  o f  re s u lts  o bta in e d  w ill be  g iv e n  a tte n tio n  
d u r in g  th e  e x a m in a tio n  o f e x p e r im e n ta l p e rf o r m a n c e  in  la te r  c h a p te r s . 
 
T h is  s e c tio n  r e v ie w s  th e  f u n c tio n a lity  o f  th e  p a r tia lly  m a tc h e d  c r o s s o v e r, th e  v a r ia ble  
le n g th  c r o s s o v e r  a n d  th e  m u ta tio n  o p e r a tio n  a p p lie d  to  bo th  th e  v a r ia ble  le n g th  a n d  
f ix e d  le n g th  c h r o m o s o m e s . T h e  r e p lic a tio n  o p e ra tio n  is  s u ff ic ie n tly  tr iv ia l th a t its  
te s tin g  h a s  be e n  o m itte d  h e re . T h is  s e c tio n  a ls o  g iv e s  a n  o p p o rtu n ity  f o r a  m o r e  in -
d e p th  v ie w  o f  th e  f u n c tio n  o f  th e  s e le c te d  o p e r a to r s . 
 
S ta n d a rd  w h ite  bo x  te s tin g  o f th e  p a rtia lly  m a tc h e d  c r o s s o v e r  is  p r e s e n te d  f ir s t by  
d e m o n s tr a tin g  th e  bo u n d a r y  c o n d itio n s  a n d  s e v e r a l ‘ in te r n a l’  in s ta n c e s  a r e  h a n d le d  
c o r re c tly . In tu itiv e ly , th e r e  a r e  tw o  tr iv ia l bo u n d a r y  c o n d itio n s ; th e  c a s e  w h e r e  th e  
c r o s s o v e r  s e c tio n  is  e m p ty  o r th e  c a s e  w h e r e  it c o n ta in s  th e  f u ll c h r o m o s o m e . T h e  
f o rm e r is  p re s e n te d  in  ta ble  5 .2 .4 ; h o w e v e r th e  o u tp u t o f  bo th  w o u ld  be  id e n tic a l. 
 
T a b le  5 .2 .4 :  R e s u lt s  o f  t h e  P M X  o p e r a t o r . T h e  c r o s s o v e r  p o in t s  w e r e  b o t h  3 , f o r m in g  a n  e m p t y  
c r o s s o v e r  s e c t io n . 
P a r e n t s  C h ild r e n  
1 ( 0 ) 2 ( 1 )  3 (2 )  4 ( 3 ) 5 ( 4 )  1 ( 0 )  2 (1 )  3 ( 2 ) 4 ( 3 ) 5 (4 )  
5 ( 0 ) 4 ( 1 )  3 (2 )  2 ( 3 ) 1 ( 4 )  5 ( 0 )  4 (1 )  3 ( 2 ) 2 ( 3 ) 1 (4 )  
 
B e y o n d  th is , th e  s e le c tio n  o f a  c r o s s o v e r  s e c tio n  w ill c o n ta in  a n  in te r n a l s e c tio n  o f  
th e  c h r o m o s o m e s . O n e  s u c h  e x a m p le  is  p re s e n te d  in  ta ble  5 .2 .5 . H e r e  th e  c r o s s o v e r  
s e c tio n  is  d e f in e d  to  be  th e  g e n e s  in  p o s itio n s  0  to  3  in c lu s iv e . T h e  ‘ s e c tio n  
c r o s s o v e r ’ c o lu m n  s h o w s  th e  c h ild r e n  a f te r  e x c h a n g in g  th e  tw o  c ro s s o v e r s e c tio n s . 
N o tic e  th a t th e re  a r e  d u p lic a te  g e n e s  w ith in  th e  c h ild  c h r o m o s o m e s  a t th is  p o in t. 
F o llo w in g  th is , th e  d u p lic a te s  a re  r e m o v e d  by  s e le c tin g  a p p r o p ria te  m e m be r s  w ith in  
th e  o th e r  c h ild  c h r o m o s o m e  to  s w a p  w ith . In  th is  c a s e , th e  5  a n d  th e  1  a re  s w a p p e d  in  
p o s itio n  4 , bu t th e  p o s itio n  n e e d  n o t be  u n ifo r m . 
 
T a b le  5 .2 .5 :  T h e  P M X  o p e r a t o r  w it h  b o u n d a r ie s  b e f o r e  lo c u s  0  a n d  b e f o r e  lo c u s  4 . T h e  
c r o s s o v e r  s e c t io n  is  u n d e r lin e d . 
P a r e n t s  S e c t io n  C r o s s o v e r  F in a l C h ild r e n  
1 ( 0 ) 2 ( 1 )  3 (2 )  4 ( 3 )  5 ( 4 )  5 ( 0 )  4 (1 )  3 ( 2 ) 2 ( 3 ) 5 (4 )  1 ( 0 ) 4 ( 1 ) 3 (2 )  2 (3 )  5 ( 4 ) 
5 ( 0 ) 4 ( 1 )  3 (2 )  2 ( 3 )  1 ( 4 )  1 ( 0 )  2 (1 )  3 ( 2 ) 4 ( 3 ) 1 (4 )  5 ( 0 ) 2 ( 1 ) 3 (2 )  4 (3 )  1 ( 4 ) 
 
S e v e r a l e x tra  te s ts  w e r e  r u n  o f  th is  o p e ra to r a n d  it w a s  c o n c lu d e d  to  be  f u n c tio n in g  
c o r re c tly . 
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F o llo w in g  th is , th e  v a ria ble  le n g th  c r o s s o v e r  is  te s te d . T h e  tr iv ia l c a s e  o f  c ro s s in g  
tw o  c h r o m o s o m e s  w ith  a  le n g th  o f 0  is  o m itte d  h e re . T h e  f irs t c a s e  o f  in te r e s t is  in  
c r o s s in g  a  z e r o - le n g th  c h ro m o s o m e  w ith  a  n o n - z e ro  le n g th  c h r o m o s o m e . T h e  
p o s s ible  o u tc o m e s  a r e  n o t c h a n g in g  e ith e r  c h r o m o s o m e , w h ic h  is  tr iv ia l a n d  is  n o t 
s h o w n  h e r e , o r s p littin g  th e  n o n - z e ro  le n g th  g e n e  in to  p a r ts  d iv id e d  be tw e e n  th e  
c h ild r e n . A n  e x a m p le  o f th e  la te r is  g iv e n  in  ta ble  5 .2 .6  w h e r e  th e  f ir s t th re e  
c h r o m o s o m e s  a r e  c o p ie d  f r o m  th e  to p  p a re n t to  f o r m  th e  s e c o n d  c h ild ; th e  f in a l tw o  
r e m a in  to  f o rm  th e  f irs t c h ild .   
 
T a b le  5 .2 .6 :  T h e  v a r ia b le  le n g t h  c r o s s o v e r  o p e r a to r  w it h  a n  e m p t y  p a r e n t . 
P a r e n t s  C h ild r e n  
1 ( 0 ) 2 ( 1 )  3 (2 )  4 ( 3 ) 5 ( 4 )  4 (0 )  5 (1 )  
< e m p ty >  3 (0 )  2 (1 )  1 ( 2 ) 
 
T h e  n e x t c a s e  is  w h e r e  bo th  c h ro m o s o m e s  c o n ta in  o n ly  o n e  g e n e  e a c h . T h e re  is  a  
c h a n c e  o f th e  c h ild r e n  be in g  id e n tic a l to  th e  p a r e n ts , o r  o n e  c h ild  c o n ta in in g  bo th  
g e n e s  a n d  th e  o th e r  o n ly  o n e . A n  e x a m p le  is  n o t p re s e n te d  d u e  to  s im p lic ity , 
h o w e v e r  th is  fu n c tio n a lity  w a s  v e r if ie d . T h e  m a jo rity  o f  c ro s s o v e rs  th a t o c c u r  w ith  
th e  v a r ia ble  le n g th  c ro s s o v e r  o p e r a tio n  h o w e v e r  a r e  w ith  irr e g u la r  c h ro m o s o m e s  o f  
le n g th  g r e a te r  th a n  o n e . I n  th is  c a s e , th e  c r o s s o v e r  is  p e r fo r m e d  by  firs t a lig n in g  th e  
c h r o m o s o m e s  a n d  th e n  s e le c tin g  a  c r o s s  p o in t. T a ble  5 .2 .7  s h o w s  a n  e x a m p le  
o bs e rv e d  d u r in g  te s tin g  th is  o p e ra tio n . T h e  p a r e n ts  a r e  a lig n e d  a n d  th e  g e n e s  f o r  
c r o s s o v e r  h a v e  be e n  u n d e r lin e d . T h e  1  a n d  4  g e n e s  a r e  e x c h a n g e d  be tw e e n  th e  tw o  
c h r o m o s o m e s  a n d  th e y  a r e  re - o r d e re d  to  p ro d u c e  th e  c h ild re n . 
 
T a b le  5 .2 .7 :  t h e  v a r ia b le  le n g t h  c r o s s o v e r  o p e r a t o r  w it h  ir r e g u la r  c h r o m o s o m e s . T h e  c r o s s o v e r  
s e c t io n  is  u n d e r lin e d  
P a r e n t s  C h ild r e n  
         1 ( 0 )  2 ( 1 )   3 (2 )  2 ( 0 )  3 (1 )  4 ( 2 ) 
5 ( 0 )  4 ( 1 )   3 (2 )   2 ( 3 ) 1 ( 0 )  2 (1 )  3 ( 2 ) 5 ( 3 ) 
 
 
T h e  f in a l o p e r a to rs  c o n s id e r e d  h e re  a r e  th e  m u ta tio n  o p e r a to r s  fo r  th e  v a r ia ble  le n g th  
c h r o m o s o m e  a n d  th e  fix e d  le n g th  c h ro m o s o m e . B o th  w e r e  te s te d  fo r  c o m p lia n c e  
w ith  th e  s p e c if ic a tio n s . T h e  r e s u lts  o f  s e v e ra l te s t c a s e s  a re  p r e s e n te d  h e re  to  
d e m o n s tr a te  fu n c tio n  a n d  c o n f ir m  th e  c o r re c t p e r f o rm a n c e  o f th e s e  o p e r a tio n s . A s  
c h a n g in g  th e  v a lu e  o f  a  g e n e  r a n d o m ly  w o u ld  le a d  to  a n  in v a lid  c h r o m o s o m e , th e  
f ix e d  le n g th  m u ta tio n  s im p ly  s w a p s  tw o  r a n d o m  g e n e s  w ith in  th e  c h ro m o s o m e . T h is  
is  tr iv ia l h e n c e  a n  e x a m p le  te s t is  o m itte d . T h e  m u ta tio n  o p e r a tio n  fo r  th e  v a r ia ble  
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le n g th  c h r o m o s o m e s  is  s lig h tly  m o r e  c o m p le x , a llo w in g  a n  in c re a s e  a n d  d e c re a s e  in  
c h r o m o s o m e s  le n g th  in  a d d itio n  to  s w a p p in g  g e n e s  a s  th e  f ix e d  le n g th  m u ta tio n  d o e s . 
In  a d d itio n , be c a u s e  th e  v a r ia ble  le n g th  c h r o m o s o m e  c a n  p o te n tia l be  m is s in g  
s y m bo ls  fr o m  th e  f u ll c h r o m o s o m e  a lp h a be t, a  r a n d o m  m u ta tio n  o f  a  s in g le  g e n e  in to  
o n e  o f  th e s e  m is s in g  v a lu e s  is  a ls o  p o s s ible . S e v e r a l e x a m p le  c a s e s  f r o m  th e  te s tin g  
a r e  p r e s e n te d  in  ta ble  5 .2 .8 . 
 
T a b le  5 .2 .8 :  T h e  v a r ia b le  le n g t h  m u t a t io n  o p e r a t o r . T h e s e  e x a m p le s  d e m o n s t r a t e  t h e  r a n d o m  
m u t a t io n , m u t a t io n  b y  in c r e a s in g  c h r o m o s o m e  le n g t h  a n d  m u t a t io n  b y  d e c r e a s in g  
c h r o m o s o m e  le n g t h  r e s p e c t iv e ly . 
B e f o r e  M u ta t io n  A f t e r  M u t a tio n  
1 ( 0 ) 2 ( 1 )  3 (2 )  5 ( 3 ) 8 ( 4 )  1 (0 )  2 ( 1 ) 3 ( 2 )  7 (3 )  8 ( 4 ) 
1 ( 0 ) 2 ( 1 )  3 (2 )  5 ( 3 ) 8 ( 4 )  1 (0 )  2 ( 1 ) 3 ( 2 )  5 (3 )  
1 ( 0 ) 2 ( 1 )  3 (2 )  5 ( 3 ) 8 ( 4 )  1 (0 )  2 ( 1 ) 3 ( 2 )  5 (3 )  6 ( 4 ) 8 ( 5 )  
 
 
T h is  s e c tio n  h a s  p r e s e n te d  a  v e r ific a tio n  o f th e  c o r re c t f u n c tio n  o f  th e  a lg o rith m  
d e v e lo p e d  by  d e p lo y in g  it u p o n  a  s m a ll in s ta n c e  o f  th e  c a p a c ite d  v e h ic le  ro u tin g  
p r o ble m . B r u te  f o rc e  s o lu tio n s  fo r  th is  s m a ll in s ta n c e  c a n  be  f o u n d  a n d  c h e c k e d  
m a n u a lly  f o r  c o n s e n s u s  w ith  th e  d e v e lo p e d  a lg o r ith m . F u r th e r m o r e , s o m e  s a m p le  
c a s e s  f r o m  th e  u n it te s tin g  o f  th e  g e n e tic  o p e ra to rs  d e p lo y e d  w ith in  th is  w o r k  w e r e  
p r e s e n te d . T h is  d e m o n s tr a te d  th e ir  c o rr e c t f u n c tio n a lity  a n d  c o n c u r re n tly  g a v e  a  
m o re  d e ta ile d  d e s c r ip tio n  o f  th e ir  o p e r a tio n . 
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6 . D E T A IL E D  E X P E R IM E N T  D E S IG N  A N D  E X P E C T A T IO N S  
6 .1. S E R IA L  –  S C A L IN G  C O M P U T A T IO N A L  P O W E R  
T h is  e x p e r im e n t w a s  d e s ig n e d  to  h ig h lig h t th e  e f f e c ts  o f  s c a lin g  th e  
c o m p u ta tio n a l p o w e r o f  th e  h o s t m a c h in e  th a t th e  s e ria l g e n e tic  a lg o rith m  w a s  be in g  
r u n  u p o n . T w o  m a c h in e  s p e e d s  a r e  a v a ila ble ; 8 0 0  M H z  a n d  2 3 3 M H z . T h e  o th e r  
c h a ra c te ris tic s  o f  th e  m a c h in e s  ( R A M , e tc .) a r e  e s s e n tia lly  th e  s a m e . T h e  s e r ia l 
a lg o r ith m  w ill be  e x e c u te d  o n  bo th  th e s e  m a c h in e s  to  1 0 0  g e n e r a tio n s  a n d  th e  
s e le c te d  m e tr ic s  m e a s u r e d  f o r e a c h  m a c h in e  o v e r s e v e ra l r e p e a ts  o f th e  e x p e r im e n t. 
 
T h e  r e s u lts  o f  th is  e x p e rim e n t a re  e x p e c te d  to  d e m o n s tr a te , o f c o u r s e , a  d e c r e a s e  in  
th e  tim e  r e q u ir e d  to  c o m p le te  1 0 0  ite ra tio n s  o f  th e  g e n e tic  a lg o r ith m . B a s e d  o n  th e  
d iff e re n c e  in  C P U  s p e e d , th e  e x p e c te d  in c r e a s e  is  a p p r o x im a te ly  3 – 4  tim e s . B e y o n d  
th is , n o  im p r o v e m e n t in  q u a lity  o f s o lu tio n , c o n v e rg e n c e  o r  m e m o r y  u s a g e  is  
e x p e c te d . 
 
6 .2 . N A ÏV E  P A R A L L E L  A N D  S E R IA L  C O M P A R IS O N  
T h e  n a ïv e  p a r a lle l v e r s io n  o f th e  a lg o r ith m  is  s im p ly  s e v e ra l c o n c u rr e n tly  
e x e c u tin g  s e r ia l a lg o rith m s , fr o m  w h ic h  th e  to ta l be s t s o lu tio n  is  s e le c te d  u p o n  
c o m p le tio n  o f  a ll a lg o r ith m s . B o th  th is  a n d  th e  s e r ia l a lg o r ith m  w ill be  e x e c u te d  o n  a  
s in g le  p la tfo r m  o f th e  s a m e  c h a r a c te ris tic s  a n d  a  c o m p a r is o n  be tw e e n  th e  tw o  w ill be  
m a d e  ba s e d  o n c e  a g a in  u p o n  th e  s e le c te d  m e tr ic s . T h e  n u m be r  o f  c o n c u r r e n tly  
e x e c u tin g  s e r ia l a lg o rith m s  w ith in  th e  n a ïv e  p a r a lle l a lg o rith m  w ill be  in c r e a s e d  a n d  
th e  le v e l o f  im p r o v e m e n t g a in e d  in  s o lu tio n  q u a lity  f r o m  th e s e  in c r e a s e d  ‘ c lu s te r ’  
s iz e s  w ill be  m e a s u r e d .  
 
T h e  r e s u lts  o f  th is  e x p e rim e n t a re  e x p e c te d  to  d e m o n s tr a te  th a t th e  n a ïv e  p a r a lle l 
a lg o r ith m  in  g e n e r a l o u tp e rf o r m s  th e  s e r ia l a lg o r ith m  ba s e d  u p o n  th e  m e a s u re  o f  
s o lu tio n  q u a lity . B e y o n d  th is  s im p le  e x p e c ta tio n , th e  c o n s titu e n t s e ria l a lg o rith m s  
th a t a r e  a g g r e g a te d  by  th e  n a ïv e  p a r a lle l a lg o r ith m  a re  e x p e c te d  to  p e rf o r m  w ith o u t 
m a jo r  d if f e r e n c e  fr o m  th e  s e ria l a lg o rith m .  
 
A t th is  p o in t, th e  p re v io u s  tw o  e x p e r im e n ts  a r e  e s s e n tia lly  p r o v id e d  to  e s ta blis h  
c o m p le te n e s s  a n d  s e v e r a l d e s ire d  p r o p e rtie s  o f  th e  a lg o r ith m s . T h e  e x p e c te d  
p e r fo r m a n c e  to  th is  p o in t is  in d e e d  r a th e r  in tu itiv e ; h o w e v e r  th e  re s u lts  a re  in c lu d e d  
to  c o n firm  th a t th e s e  s im p le  p r o p e rtie s  h o ld . 
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6 .3 . N O N -D IS T R IB U T E D  P A R A L L E L  A N D  S E R IA L  C O M P A R IS O N  
T h is  e x p e r im e n t c o m p a re s  th e  p e r f o rm a n c e  o f th e  n o n -d is tr ibu te d  p a ra lle l a n d  
s e ria l a lg o rith m s . A s  e x p o u n d e d  e a rlie r , th e  n o n - d is tr ibu te d  p a ra lle l a lg o r ith m  is  
e x e c u te d  e n tir e ly  u p o n  a  s in g le  h o s t, bu t in c o r p o r a te s  s e v e r a l c o n c u r re n tly  e x e c u tin g  
s e ria l a lg o rith m s . T h e  d if f e re n c e  be tw e e n  th is  a n d  th e  n a ïv e  p a r a lle l a lg o rith m  is  th a t 
m ig r a tio n  is  a llo w e d  be tw e e n  th e  s e p a r a te  s e ria l a lg o rith m s  w h ic h  a r e  a g g r e g a te d  by  
th e  p a r a lle l a lg o rith m s . T h e s e  c o n s titu e n t p a r ts  a r e  o f te n  r e f e r r e d  to  a s  is la n d s  o r  
d e m e s ; bo th  te rm s  w e r e  u s e d  in  p re v io u s  s e c tio n s  a n d  w ill c o n tin u e  to  be  u s e d  
e s s e n tia lly  in te r c h a n g e a bly . T h is  e x p e rim e n t is  a ls o  a im e d  a t id e n tif y in g  th e  
r e la tio n s h ip  be tw e e n  th e  p o p u la tio n  s iz e  w ith in  th e  d is tr ibu te d  a n d  s e r ia l a lg o r ith m s . 
T h e  s e ria l a lg o r ith m  w ill be  e x e c u te d  w ith  a  3 0 0  m e m be r p o p u la tio n  a n d  c o m p a r e d  
w ith  th e  r e s u lts  o f  e x e c u tin g  th e  p a r a lle l a lg o r ith m  w ith  a  1 0 0  m e m be r  p o p u la tio n  
a n d  3  is la n d s  (e f fe c tiv e ly  3 0 0  m e m be rs ) . T h e  p a ra lle l a lg o r ith m  w ill a ls o  be  ru n  w ith  
a  s in g le  is la n d  o f  3 0 0  m e m be r s . 
 
T h e  r e s u lt o f th is  e x p e r im e n t is  e x p e c te d  to  d e m o n s tr a te  a n  im p ro v e m e n t in  th e  
q u a lity  o f th e  fin a l s o lu tio n  f o u n d  by  th e  n o n - d is tr ibu te d  p a r a lle l a lg o rith m  o v e r  
th o s e  f o u n d  by  th e  s e r ia l a lg o r ith m . C o n v e r g e n c e  is  e x p e c te d  to  im p r o v e  w ith in  th e  
p a r a lle l a lg o r ith m  a s  g e n e tic  d iv e rs ity  is  f a v o u r e d  by  th e  m ig r a tio n  s c h e m e  (a s  w a s  
e x p lo re d  in  s e c tio n  3 .4 .7 ) . It is  e x p e c te d  th a t th e  3 0 0  m e m be r p a r a lle l a lg o r ith m  
( w ith  o n ly  a  s in g le  is la n d )  w ill p r o d u c e  r e la tiv e ly  s im ila r  re s u lts  to  th e  s e ria l 
a lg o r ith m  w ith  3 0 0  m e m be r s . T h e  p a ra lle l a lg o r ith m  w ith  th r e e  is la n d s  is  e x p e c te d  to  
d e m o n s tr a te d  im p r o v e d  p e r f o rm a n c e  d u e  to  a n  in c r e a s e  in  g e n e tic  d iv e r s ity  a s  a  
r e s u lt o f th e  p o p u la tio n  s e g re g a tio n .  
 
T r e n d s  in  C P U  a n d  m e m o r y  u s a g e  a r e  e x p e c te d  to  p e r fo r m  in tu itiv e ly . 
M e a s u r e m e n ts  a re  e x p e c te d  to  be  s lig h tly  h ig h e r  f o r  th e  p a r a lle l a lg o rith m s  o v e r th e  
s e ria l a lg o rith m  d u e  to  a n  in c r e a s e  in  c o n tr o l s tru c tu re s  a n d  in te r -is la n d  
c o m m u n ic a tio n s . O f c o u r s e , n e tw o r k  u s a g e  is  a n  ir r e le v a n t m e tr ic  w ith in  th is  
e x p e r im e n t d u e  to  th e  u tiliz a tio n  o f  o n ly  a  s in g le  h o s t.  
 
6 .4 . D IS T R IB U T E D  P A R A L L E L  A N D  S E R IA L  C O M P A R IS O N  
A t th is  p o in t w ith in  th e  e x p e r im e n ta tio n , th e  d is tr ibu te d  p a r a lle l a lg o rith m  is  
in tr o d u c e d  a n d  its  p e r f o r m a n c e  w a s  g a u g e d  a g a in s t th e  s e r ia l a lg o r ith m . T h e  p a r a lle l 
d is tr ibu te d  a lg o r ith m  w a s  ru n  w ith  th r e e  is la n d s  o f  1 0 0  m e m be rs  e a c h  a n d  c o m p a r e d  
to  th e  p e r fo r m a n c e  o f  th e  s e r ia l a lg o r ith m  w ith  a  1 0 0  m e m be r p o p u la tio n . O f  c o u rs e  
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th is  is  th e  f ir s t e x p e r im e n t w h e r e  th e  m e tr ic  o f  n e tw o r k  u s a g e  is  o f  c o n c e rn . H o w e v e r  
a s  th e  s e ria l a lg o r ith m  d o e s  n o t g e n e r a te  a n y  n e tw o r k  tr a ff ic , th e r e  is  n o  c o m p a r is o n  
to  m a k e . H e n c e  it w ill n o t be  e x p lo r e d  a s  m o r e  th a n  a  be n c h m a r k  fo r  th e  n e tw o r k  
p e r fo r m a n c e  o f  th e  p a r a lle l d is tr ibu te d  a lg o r ith m . 
 
W ith in  th e  c o m p a ris o n  o f th e  d is tribu te d  a lg o rith m  w ith  th r e e  is la n d s  a n d  th e  s e r ia l 
a lg o r ith m , th e  r e s u lts  s h o u ld  d e m o n s tra te  im p ro v e d  p e r fo r m a n c e . T h e s e  w ill be  
c h a ra c te ris e d  by  h ig h e r  q u a lity  s o lu tio n s  a f te r  th e  s a m e  n u m be r  o f g e n e r a tio n s  a s  th e  
s e ria l a lg o rith m . O f c o u r s e , th e r e  w ill be  a  c o r r e s p o n d in g  in c r e a s e  in  p e rf o r m a n c e  
m e tr ic s  f o r th e  p a ra lle l d is tribu te d  a lg o rith m  d u e  to  th e  in c r e a s e d  c o m p u ta tio n  a n d  
th e  c o m m u n ic a tio n s  o v e r h e a d . C o n v e r g e n c e  c h a r a c te r is tic s  o f  th e  d is tr ibu te d  p a ra lle l 
a lg o r ith m  a re  a ls o  e x p e c te d  to  o f fe r  a n  im p r o v e m e n t o v e r  th e  s e r ia l a lg o r ith m . T h is  
is  d u e  to  a n  in c r e a s e  in  g e n e tic  d iv e r s ity  a s  a  r e s u lt o f th e  p o p u la tio n  s e g r e g a tio n . 
 
6 .5 . IN C R E A S IN G  C L U S T E R  S IZ E  
T h e  c lu s te r s iz e  w ith in  th e  p a ra lle l d is tribu te d  a lg o r ith m  w ill be  in c re a s e d  to  
m e a s u r e  th e  e f f e c t th is  h a s  o n  bo th  th e  q u a lity  m e tr ic  a n d  p e rf o r m a n c e  m e tr ic s . T h e  
v a r ia tio n  in  c lu s te r  s iz e  w ill be  f ro m  o n e  h o s t to  a  m a x im u m  o f  fo u r  h o s ts .  
 
T h e  e f f e c ts  o f  th e  in c r e a s e  a r e  e x p e c te d  to  p r o d u c e  re s u lts  o f  u n if o rm  im p r o v e m e n t 
w ith in  th e  q u a lity  m e tr ic . S im ila r in c re a s e s  w ith in  th e  p e r fo r m a n c e  m e tr ic s  a r e  
e x p e c te d  to  re f le c t th e  in c re a s e d  c o m p u ta tio n  a n d  re s o u rc e  u s a g e . C o n v e r g e n c e  is  
a ls o  e x p e c te d  to  le s s e n  a s  th e  c lu s te r s iz e  in c re a s e s , o w in g  to  a  h ig h e r g e n e tic  
d iv e rs ity  o v e r  th e  to ta l in c r e a s e d  p o p u la tio n  s iz e . 
 
6 .6 . E F F E C T  O F  N A ÏV E  H E U R IS T IC   
T h e  r e - o r d e rin g  h e u ris tic  d e s c r ibe d  in  s e c tio n  3 .5 .4  is  in tr o d u c e d  h e r e  in  a n  
a tte m p t to  im p r o v e  s o lu tio n  q u a lity . B rie fly , th is  h e u ris tic  is  ba s e d  o n  th e  c o n c e p t 
th a t o p tim a l r o u te s  w ill be g in  w ith  th e  d e s tin a tio n  c lo s e s t to  th e  d e p o t a n d  e n d  w ith  
th a t w h ic h  is  f a rth e s t a w a y . T h e  h e u r is tic  a p p lie d  h e r e  is  r e fe r re d  to  a s  th e  n a ïv e  
h e u r is tic  be c a u s e  it is  a p p lie d  w ith o u t a n y  c o n s id e ra tio n  o f  its  be n e fit in  f itn e s s  a n d  
to  a ll s o lu tio n s  w ith in  e a c h  g e n e r a tio n . 
 
T h e  r e s u lts  a r e  e x p e c te d  to  s h o w  th a t a p p ly in g  th is  h e u ris tic  in c r e a s e s  th e  e x e c u tio n  
tim e  a n d  m e m o r y  u s a g e , bu t p r o v id e s  a n  im p r o v e m e n t in  th e  q u a lity  o f  th e  s o lu tio n s  
f o u n d  o v e r th e  1 0 0  g e n e r a tio n  tria l p e r io d . T e s t w ill be  c o n d u c te d  u p o n  bo th  th e  
s e ria l a n d  d is tr ibu te d  p a r a lle l a lg o r ith m  bu t r e s u lts  a r e  e x p e c te d  to  be  e s s e n tia lly  
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id e n tic a l f o r bo th  a lg o r ith m  ty p e s . M a c h a d o  e t a l. ( 2 0 0 2 ) e x p lo r e d  th e  e f f e c t o f  
a d d in g  a  K -n e a r e s t n e ig h bo u r ( K N N )  h e u ris tic  to  a  g e n e tic  a lg o r ith m  a p p r o a c h  to  
s o lv in g  th e  v e h ic le  r o u tin g  p ro ble m . T h e ir  r e s u lts  w e r e  c h a r a c te ris e d  by  a n  in c re a s e  
in  a v e r a g e  fitn e s s  a n d  be s t in d iv id u a l fo u n d , a s  s u m m a ris e d  in  f ig u r e  6 .6 .1 . 
 
 
F ig u r e  6 .6 .1 :   T h e  r e s u lt s  o f  e x p e r im e n t s  p e r f o r m e d  b y  M a c h a d o  e t  a l. ( 2 0 0 2 )  in t o  t h e  a d d it io n  
o f  a  K N N  h e u r is t ic  t o  t h e ir  G A  s o lu t io n  t o  a  V R P . C o s t  is  a n a lo g o u s  t o  t h e  
m e a s u r e  o f  f it n e s s  u s e d  w it h in  t h is  w o r k . 
 
6 .7 . P R O B L E M  D E C O M P O S IT IO N  P A R A L L E L IS A T IO N  
T h e  p r o ble m  d e c o m p o s itio n  a p p r o a c h  to  p a r a lle lis in g  th e  g e n e tic  a lg o rith m  is  
s ig n if ic a n tly  d iff e re n t f ro m  th e  p a r a lle l a lg o rith m s  u s e d  th u s  f a r . T h e  c o n c e p t o f 
bre a k in g  th e  p r o ble m  u p  in to  s u b-p ro ble m s  a n d  th e  c o n s titu e n t s u b-p ro ble m  p a r ts  o f  
th e  c a p a c ite d  v e h ic le  ro u tin g  p ro ble m  a r e  is  d is c u s s e d  in  s e c tio n  3 .5 .4 . T h is  
e x p e r im e n t w ill m e a s u r e  th e  e f f e c t o f tw o  d if f e r e n t d e c o m p o s itio n  m e th o d s . P r o ble m  
d e c o m p o s itio n  is  in  e ff e c t a  h e u r is tic , a s  it re q u ir e s  k n o w le d g e  o f  th e  p r o ble m  
d o m a in  to  a rr iv e  a t a  s u ita ble  p ro ble m  s e p a r a tio n . F o r e x a m p le , it is  n e c e s s a r y  to  
k n o w  th a t th e  d e p o t n o d e  m u s t be  d u p lic a te d  in  e v e r y  s u b-p ro ble m  fo r  th e  
d e c o m p o s itio n  to  be  v a lid . 
 
T h e  f ir s t p r o ble m  s p littin g  a p p ro a c h  e x a m in e d  is  a  s im p le  s p lit o f  th e  p r o ble m  s p a c e  
in to  f o u r  g ro u p s . T h is  is  r e f e r re d  to  a s  th e  n a ïv e  f o u r- w a y  d e c o m p o s itio n  d u e  to  th e  
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
4 4  
f a c t th a t it d o e s  n o t c o n s id e r th e  s u ita bility  o f a s s ig n in g  d e s tin a tio n s  to  e a c h  o f th e  
s u b-p ro ble m s . In  s h o r t, th e  f ir s t 2 5 %  o f  d e s tin a tio n s  in  th e  p r o ble m  a re  a s s ig n e d  to  
s u b-p ro ble m  o n e , th e  n e x t 2 5 %  to  s u b p r o ble m  tw o  a n d  s o  o n . T h e  f o u r s u b-
p r o ble m s  a r e  p r e s e n te d  f o r  r e f e r e n c e  in  a p p e n d ix  C 0 , C 1 , C 2  a n d  C 3 . E a c h  s u b-
p r o ble m  is  e x e c u te d  in  p a ra lle l o n  a  s e p a r a te  h o s t a n d  th e  re s u lts  a r e  r e - u n if ie d  to  
a r riv e  a t a  f in a l s o lu tio n . 
 
T h e  s e c o n d  a p p ro a c h  e x p lo re d  w ill be  a  s e m a n tic  d e c o m p o s itio n  o f th e  p ro ble m  
ba s e d  o n  a n  u n d e r s ta n d in g  o f its  c o m p o n e n t r e q u ir e m e n ts . A s  n o te d  in  s e c tio n  3 .5 , 
th e  C V R P  is  in  f a c t th e  in te r s e c tio n  o f  th e  bin - p a c k in g  p r o ble m  a n d  th e  tra v e llin g  
s a le s m a n  p r o ble m . B a s e d  o n  th is  k n o w le d g e , a  c o n c e p tu a l d e c o m p o s itio n  o f  th e  
p r o ble m  in to  th e s e  tw o  c o m p o n e n ts  is  p o s s ible . T h e  bin - p a c k in g  c o m p o n e n t is  
a d d r e s s e d  f ir s t by  f in d in g  a n  o p tim a l n u m be r  o f  v e h ic le s  a n d  a s s ig n in g  d e s tin a tio n s  
to  v e h ic le s  s u c h  th a t e a c h  v e h ic le  h a s  a s  c lo s e  to  its  m a x im u m  c a p a c ity  a s  p o s s ible  
bu t n o  m o r e . T h a t is , m in im is e  th e  w a s te d  v e h ic le  c a p a c ity . F o llo w in g  th is , e a c h  
v e h ic le  ro u te  r e p r e s e n ts  a n  in s ta n c e  o f  th e  tr a v e llin g  s a le s m a n  p r o ble m  a n d  c a n  be  
o p tim is e d  f o r s h o r te s t to u r  le n g th  in d e p e n d e n tly  o f  o th e r  ro u te s . T h e  o n ly  c o n s tra in t 
n o t im m e d ia te ly  a d d r e s s e d  h e r e  is  th e  n e e d  to  g r o u p  d e s tin a tio n s  w h ic h  a r e  
g e o g r a p h ic a lly  s im ila r in to  th e  s a m e  r o u te . T h is  d e c o m p o s itio n  is  a c h ie v e d  in  
p r a c tis e  h e r e  by  a p p ly in g  th e  K -m e a n s  c lu s te r in g  a lg o rith m  to  s o lv e  th e  bin - p a c k in g  
c o m p o n e n t a n d  g ro u p  c lo s e  d e s tin a tio n s  in to  th e  s a m e  ro u te . F o llo w in g  th is , th e  
g e n e tic  a lg o r ith m  is  a p p lie d  to  s o lv e  th e  c o n s titu e n t tra v e llin g  s a le s m a n  p ro ble m s  in  
p a r a lle l. 
 
T h e s e  tw o  fo r m s  o f  p r o ble m  d e c o m p o s itio n  a ls o  p r o v id e  a  s ig n ific a n t r e d u c tio n  in  
th e  p ro ble m  s p a c e . T h e  n a ïv e  d e c o m p o s itio n  re d u c e s  th e  s e a rc h  s p a c e  by  d is a llo w in g  
c o m bin a tio n s  o f  d e s tin a tio n s  f ro m  s e p a r a te  s u b-p r o ble m s  a n d  th e  c o n c e p tu a l 
d e c o m p o s itio n  d o e s  th e  s a m e  by  d is a llo w in g  c o m bin a tio n s  o f  d e s tin a tio n s  f r o m  
s e p a ra te  c lu s te r s . In  f a c t, th e  c o n c e p tu a l d e c o m p o s itio n  r e d u c e s  th e  s e a r c h  s p a c e  
e v e n  fu r th e r d u e  to  th e  f a c t th a t it s e p a ra te s  th e  o r ig in a l p r o ble m  in to  m o r e  s u b-
p r o ble m s  th a n  th e  n a ïv e  a p p ro a c h . 
 
A s s u m in g  th e  v a lid ity  o f th e  h e u ris tic s  u s e d  f o r s p littin g  th e  p ro ble m , th e  s o lu tio n  
q u a lity  is  e x p e c te d  to  be  im p ro v e d  o v e r  th e  o th e r v a r ia n ts  o f th e  a lg o r ith m  d u e  to  th e  
g r e a tly  re d u c e d  s e a r c h  s p a c e . P e r f o rm a n c e  m e tr ic s  a r e  a ls o  e x p e c te d  to  im p ro v e  d u e  
o n c e  a g a in  to  th e  r e d u c e d  s e a r c h  s p a c e  a n d  h e n c e  lo w e r  c o m p u ta tio n a l r e q u ire m e n ts . 
N e tw o r k  ba n d w id th  w ill be  e s s e n tia lly  z e ro , s in c e  th e  o n ly  s ta g e  o f c o m m u n ic a tio n  is  
f o r th e  in itia l d is tribu tio n  o f s u b-p ro ble m s  a n d  th e  fin a l r e -u n ific a tio n  o f  s o lu tio n s . 
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7 . R E S U L T S  A N D  O B S E R V A T IO N S  
7 .1. S E R IA L  –  S C A L IN G  C O M P U T A T IO N A L  P O W E R  
T h is  e x p e r im e n t w a s  a im e d  a t m e a s u rin g  th e  p e r f o rm a n c e  c h a n g e s  in  th e  s e ria l 
a lg o r ith m  by  in c r e a s in g  th e  c o m p u ta tio n a l p o w e r  a v a ila ble  to  it. T h e  m e th o d  a n d  
e x p e c te d  r e s u lts  o f  th is  e x p e r im e n t w e r e  p re s e n te d  in  s e c tio n  6 .1 . 
 
T h e  r e s u lts  d e m o n s tr a te d  n o  a p p a re n t c h a n g e  in  q u a lity  o f s o lu tio n s  fo u n d . T h is  c a n  
be  s e e n  f r o m  f ig u re  7 .1 .1 , w h ic h  s h o w s  th e  a v e r a g e  fitn e s s  o f s o lu tio n s  o v e r th e  
s a m p le  ru n s  f o r e a c h  m a c h in e  s p e e d . T h e  a v e r a g e  be s t o f  p o p u la tio n  a n d  be s t e v e r  
r e s u lts  a r e  s im ila rly  u n a f f e c te d  by  p r o c e s s o r  s p e e d . E x e c u tio n  s p e e d  h o w e v e r  is  
im p r o v e d , a s  w a s  e x p e c te d , bu t by  a  le s s e r a m o u n t th a n  o r ig in a lly  a n tic ip a te d . A s  
c a n  be  s e e n  f ro m  f ig u r e  7 .1 .2 , th e r e  is  a n  e f fe c tiv e  2 .5  f o ld  d e c r e a s e  in  e x e c u tio n  
tim e , a lth o u g h  th e  8 0 0 M H z  p r o c e s s o r  is  a lm o s t th r e e  a n d  a  h a lf tim e s  f a s te r. T h is  
d is c r e p a n c y  c a n  be  e x p la in e d  by  th e  d if fe r e n c e  in  o p e ra tin g  e n v iro n m e n t. T h e  
8 0 0 M H z  m a c h in e  is  r u n n in g  w in d o w s  X P  w ith  e x tr a  a p p lic a tio n  lo a d , w h e r e  a s  th e  
2 3 3 M H z  m a c h in e  is  r u n n in g  L in u x  in  c o m m a n d  lin e  m o d e  o n ly , w ith  r e la tiv e ly  little  
e x tra  a p p lic a tio n  lo a d . In  s u p p o r t o f  th is , th e  8 0 0 M H z  m a c h in e  w a s  m e a s u r e d  w ith  a  
ba s e lin e  lo a d  o f  a p p ro x im a te ly  1 5 %  d u r in g  th e  e x e c u tio n  o f th e  e x p e r im e n ts , w h e re  
a s  th e  2 3 3 M H z  m a c h in e s  h a d  a  ba s e lin e  lo a d  o f a p p r o x im a te ly  1 % . A p p ly in g  th e s e  
o f fs e t, th e  e f fe c tiv e  o p e r a tin g  s p e e d  o f  th e  8 0 0 M H z  m a c h in e  f o r th e  e x p e rim e n ts  is  
o n ly  6 8 0 M H z . T h is  is  s till m o r e  th a n  2 .5  tim e s  th e  e ff e c tiv e  o p e r a tin g  s p e e d  o f  th e  
2 3 3 M H z  m a c h in e s  h o w e v e r . T h e  r e m a in in g  d is c r e p a n c y  c a n  be  p u t d o w n  to  
d iff e re n c e s  in  f in a l e x e c u ta ble  c o d e  f o r  th e  d iff e re n t p la tf o rm s  a n d  IO  bo ttle n e c k s .    
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A v e r a g e  P o p u la tio n  F itn e s s
0
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
1 0 0 0 0
1 2 0 0 0
G e
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n  6 1 2 1 8 2 4 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2 7 8 8 4 9 0 9 6
A v e ra g e P o p u la tio n  F itn e s s  (2 3 3 M H z )
A v e ra g e  P o p u la tio n  F itn e s s  (8 0 0 M H z )
 
F ig u r e  7 .1 .1 :   T h e  a v e r a g e  p o p u la t io n  f it n e s s  o v e r  t h e  1 0 0  g e n e r a t io n  t e s t  p e r io d  f o r  th e  s e r ia l 
a lg o r it h m  r u n n in g  o n  b o t h  t h e  8 0 0 M H z  p la t f o r m  a n d  t h e  2 0 0 M H z  p la t f o r m . 
 
 
A v e r a g e  E x e c u tio n  T im e
0
5 0 0 0 0
1 0 0 0 0 0
1 5 0 0 0 0
2 0 0 0 0 0
2 5 0 0 0 0
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en
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n 9 18 27 36 45 54 63 72 81 90 99
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A v e ra g e  E x e c u tio n  T im e  (2 3 3  M H z ) A v e ra g e  E x e c u tio n  T im e  (8 0 0 M H z )
 
F ig u r e  7 .1 .2 :   T h e  A v e r a g e  e x e c u t io n  t im e  o f  t h e  s e r ia l a lg o r it h m  r u n n in g  o n  t h e  2 3 3 M H z  a n d  
8 0 0 M H z  p la t f o r m s  o v e r  1 0 0  g e n e r a t io n s . 
 
T h e  im p o r ta n t r e s u lt o f  th is  e x p e r im e n t, r u d im e n ta r y  th o u g h  it is , w a s  to  d e m o n s tr a te  
th a t e x te rn a l fa c to r s  in f lu e n c e  th e  re s u lts  o bta in e d  w ith in  th e s e  e x p e r im e n ts . 
A p p a r e n tly  s m a ll d if fe r e n c e s  c a n  le a d  to  s ig n ific a n t d is c re p a n c ie s  in  th e  r e s u lts  
o bta in e d . R e la te d  to  th is  is  th e  n o tio n  th a t s o u n d  th e o re tic a l p rin c ip le s  o f te n  in itia lly  
a p p e a r n o t to  be  ba c k e d  u p  by  e m p ir ic a l e v id e n c e  d u e  to  u n c o n tro lla ble  v a ria tio n s  in  
th e  e n v ir o n m e n t. 
 
7 .2 . N A ÏV E  P A R A L L E L  A N D  S E R IA L  C O M P A R IS O N  
B r ie f ly , th is  e x p e r im e n t w a s  in te n d e d  to  h ig h lig h t th e  n a ïv e  a p p ro a c h  to  
p a r a lle lis in g  th e  a lg o rith m . T h e  m e th o d  a n d  e x p e c ta tio n s  f o r th is  e x p e r im e n t w e re  
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d e s c ribe d  in  s e c tio n  6 .2 . T h e  s e ria l a n d  n a ïv e  p a r a lle l a lg o rith m  ( w ith  a n  in c re a s in g  
n u m be r o f  p a r a lle l e x e c u tio n s  o f th e  s e r ia l a lg o r ith m ) w e re  r u n  m u ltip le  tim e s  a n d  
th e  a v e r a g e  o u tc o m e s  w e re  c o lle c te d . T h e  r e s u lts  p ro d u c e d  a r e  c o n s is te n t w ith  
e x p e c ta tio n s  in  th a t th is  n a ïv e  p a r a lle l a lg o r ith m  h a s , o n  a v e r a g e , be tte r  p e r fo r m a n c e  
th a n  th e  s e ria l a lg o rith m . T h is  c a n  be  s e e n  fr o m  th e  g r a p h  in  f ig u r e  7 .2 .1 , w h e r e  th e  
a v e ra g e  r e s u lts  fr o m  th e  e x p e rim e n t a re  p r e s e n te d . 
 
In d e e d , th e  im p o r ta n c e  o f  th is  re s u lt is  th a t a  s im p le  a p p r o a c h  to  p a r a lle l g e n e tic  
a lg o r ith m s  c a n  y ie ld  be n e f its  w h ic h  m a y  n o t o rig in a lly  h a v e  be e n  e x p e c te d . A s  w ill 
be c o m e  e v id e n t la te r  th is  s im p le  a p p ro a c h  d o e s  in d e e d  p r o d u c e  r e s u lts  w h ic h  a r e  
q u ite  c o m p a r a ble  to  th e  m o r e  a d v a n c e d  a lg o r ith m s .  
 
A v e r a g e  F itn e s s
2 3 8 0
2 4 0 0
2 4 2 0
2 4 4 0
2 4 6 0
2 4 8 0
2 5 0 0
2 5 2 0
2 5 4 0
S e ria l A v e ra g e T w o  R u n s
A v e ra g e
T h re e  R u n s
A v e ra g e
F o u r R u n s
A v e ra g e
F
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n
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s
 
F ig u r e  7 .2 .1 :   T h e  a v e r a g e  f it n e s s  o f  t h e  b e s t  s o lu t io n s  f o u n d  w it h in  t h e  n a ïv e  p a r a lle l a lg o r it h m  
w it h  in c r e a s in g  p a r a lle l e x e c u t io n s . 
 
7 .3 . N O N -D IS T R IB U T E D  P A R A L L E L  A N D  S E R IA L  C O M P A R IS O N  
T h is  e x p e r im e n t, a s  d e s c r ibe d  in  s e c tio n  6 .3 , w a s  a im e d  a t c o m p a rin g  th e  
p e r fo r m a n c e  o f  th e  n o n - d is tr ibu te d  p a r a lle l a lg o rith m  w ith  th e  s e r ia l a lg o r ith m . T h e  
f ir s t s e t o f r e s u lts  c o m p a r e s  th e  a v e r a g e  fitn e s s  o f th e  be s t s o lu tio n s  fo u n d  in  tw o  
p a r a lle l a lg o r ith m s  a n d  o n e  s e r ia l. T h a t is  w ith  3  s e p a ra te  p o p u la tio n s  ( is la n d s ) o f  
o n e  h u n d r e d  m e m be r s  e a c h 1 2 , o n e  s in g le  is la n d  w ith  th re e  h u n d r e d  m e m be r s 1 3  a n d  
th e  s e r ia l a lg o r ith m  w ith  th re e  h u n d r e d  m e m be r s .1 4   T h e  re s u lts , a s  p r e s e n te d  in  
f ig u r e  7 .3 .1 , d e m o n s tra te  th a t bo th  o f  th e  n o n - d is tr ibu te d  p a r a lle l a lg o rith m s  
g e n e ra te d  s im ila r p e r fo r m a n c e , w h e re a s  th e  s e r ia l a lg o r ith m  p e r f o rm s  s lig h tly  w o r s e .  
 
                                                 
1 2  M a r k e d  “ 3 x  I s la n d s ”  o n  th e  g r a p h s  
1 3  M a r k e d  “ 3 x  P o p u la tio n  P a r a lle l”  o n  th e  g r a p h s  
1 4  M a r k e d  “ 3 x  P o p u la tio n  S e r ia l”  o n  th e  g r a p h s  
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T h is  is  s o m e w h a t s u r p ris in g  o n  o n e  c o u n t; th e  p a r a lle l a lg o rith m  w ith  a  s in g le  3 0 0  
m e m be r  p o p u la tio n  is  c o n c e p tu a lly  id e n tic a l to  th e  s e r ia l a lg o r ith m  w ith  th e  s a m e  
p o p u la tio n  s iz e , h o w e v e r  th e ir p e r fo rm a n c e  is  d if f e re n t. T h is  w ill be  d is c u s s e d  
f u rth e r be lo w . T h e  r e m a in d e r  o f th e  c o n c lu s io n s  th a t c a n  be  d ra w n  fr o m  th is  d a ta  a re  
in  k e e p in g  w ith  th e  e x p e c te d  r e s u lts  h o w e v e r . T h e  tw o  p a r a lle l a lg o rith m s  p ro d u c e  
e s s e n tia lly  th e  s a m e  r e s u lt. T h e  m u ltip le  is la n d s  v a ria n t w a s  s lig h tly  m o r e  s u c c e s s f u l. 
H o w e v e r, s u c h  a  s m a ll d if fe r e n c e  c o u ld  be  d u e  to  th e  s to c h a s tic  n a tu r e  o f  th e  
a lg o r ith m  o r u n c o n tr o lla ble  c h a n g e s  w ith in  th e  o p e r a tin g  e n v ir o n m e n t.  
 
A v e r a g e  F itn e s s
2 3 0 0
2 3 5 0
2 4 0 0
2 4 5 0
2 5 0 0
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F ig u r e  7 .3 .1 :   T h e  a v e r a g e  f it n e s s  o f  t h e  b e s t  s o lu t io n s  f o u n d  b y  t h e  in c r e a s e d  p o p u la t io n  s e r ia l, 
in c r e a s e d  p o p u la t io n  n o n - d is t r ib u t e d  p a r a lle l a n d  m u lt ip le  is la n d  n o n - d is t r ib u t e d  
p a r a lle l a lg o r it h m s  
 
 
A s  o u tlin e d  in  s e c tio n  6 .3 , it w a s  p r e d ic te d  th a t a ll th r e e  a lg o r ith m s  w o u ld  p r o d u c e  
s im ila r  re s u lts . T h e  o n ly  d is c re p a n c y  th e n  is  th e  d iff e r e n c e  in  a v e r a g e  r e s u lt be tw e e n  
th e  s e r ia l a n d  p a ra lle l a lg o r ith m s . T h is  c h a ra c te r is tic  c a n  lik e ly  be  a ttr ibu te d  to  th e  
m ig r a tio n  s c h e m e  w ith in  th e  p a r a lle l a lg o rith m s  d u r in g  th is  e x p e rim e n t, w h ic h  
p e r fo r m e d  m ig r a tio n  o f  ba s e d  o n  f itn e s s . E v e n  w ith in  th e  p a r a lle l a lg o rith m  w ith  
o n ly  a  s in g le  is la n d , th e r e  is  a  m ig r a tio n  s c h e m e  —  in d iv id u a ls  a re  s im p ly  m ig ra te d  
ba c k  to  th e  s in g le  is la n d . In  a f f e c t, th is  is  in c r e a s in g  th e  e litis m  o f  th e  a lg o r ith m , a s  
m e m be r s  f o r  m ig ra tio n  w ith in  th is  a lg o r ith m  a r e  s e le c te d  ba s e d  o n  th e ir f itn e s s .1 5  
T h e r e  is , p e r h a p s  o n e  c o u n te rp o in t to  th is  s u g g e s tio n , a n d  th a t is  to  n o te  th a t a  s m a ll 
in c re a s e  in  e litis m  is  u n lik e ly  to  p r o d u c e  m u c h  c h a n g e  in  th e  s o lu tio n s . In  f a c t, th e  
im p r o v e m e n t s h o w n  in  fig u r e  7 .3 .1  is  s o m e w h a t d e c e p tiv e ; th e r e  is  o n ly  a  o n e  
p e r c e n t im p r o v e m e n t in  s o lu tio n  q u a lity  g e n e r a te d  by  th e  p a r a lle l a lg o rith m s  o v e r th e  
s e ria l o n e . 
                                                 
1 5  T h a t is , th e  be s t in d iv id u a l is  s e le c te d  fo r  m ig r a tio n  d u r in g  e a c h  g e n e r a tio n  w h ic h , w ith in  th e  s in g le  
is la n d  p a r a lle l m o d e l, a llo w s  it a u to m a tic  in c lu s io n  in  th e  n e x t g e n e r a tio n . 
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A s  a ll th e  a lg o r ith m s  w e r e  e x e c u tin g  o n  a  s in g le  m a c h in e  w ith  th e  s a m e  to ta l n u m be r  
o f  in d iv id u a ls , it w a s  e x p e c te d  th a t th e  e x e c u tio n  tim e s  w o u ld  be  s im ila r ; h o w e v e r 
th is  w a s  n o t th e  c a s e . F ig u r e  7 .3 .2  p re s e n ts  th e  a v e r a g e  e x e c u tio n  tim e s  fo r  e a c h  o f 
th e  th r e e  ty p e s  o f a lg o rith m . A s  c a n  be  s e e n , th e  n o n - d is tribu te d  p a r a lle l a lg o rith m  
w ith  th r e e  is la n d s  h a s  a  s ig n ific a n tly  lo n g e r  a v e ra g e  e x e c u tio n  tim e .  
 
A v e r a g e  E x e c u tio n  T im e
0
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F ig u r e  7 .3 .2 :  T h e  a v e r a g e  e x e c u t io n  t im e  o f  t h e  t h r e e  a lg o r it h m s , d e m o n s t r a t in g  a  s h a r p  
in c r e a s e  in  t h e  s p lit  p o p u la t io n  m o d e l ( 3 x  I s la n d s ) . 
 
 
T h e  m e m o r y  u s a g e  o f  th e  th r e e  a lg o rith m s  w a s  a ls o  e x p e c te d  to  be  re la tiv e ly  s im ila r , 
h o w e v e r  e x p e rim e n ta l r e s u lts  s h o w e d  q u ite  a  la r g e  v a r ia tio n  be tw e e n  th e  a lg o r ith m s  
w ith  a  s in g le  p o p u la tio n  a n d  th a t w ith  th r e e  s e p a r a te  p o p u la tio n s . F ig u re  7 .3 .3  s h o w s  
th is  d iff e re n c e .  
 
A v e r a g e  M e m o r y  U s a g e
0
0 .5
1
1 .5
2
2 .5
3 x  Is la n d s 3 x  P o p u la tio n  P a ra lle l 3 x  P o p u la tio n  S e ria l
G
b
/s
 
F ig u r e  7 .3 .3 :  T h e  a v e r a g e  in t e g r a l m e m o r y  a c c e s s , m e a s u r e d  in  G b /s e c o n d  o f  t h e  t h r e e  
a lg o r it h m s , d e m o n s t r a t in g  a  s h a r p  in c r e a s e  in  t h e  s p lit  p o p u la t io n  m o d e l ( 3 x  
I s la n d s ) . 
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C o m p a r in g  f ig u r e  7 .3 .2  w ith  fig u r e  7 .3 .3 , it is  a p p a r e n t th a t th e  a lg o r ith m  m o d e l w ith  
s e p a ra te  p o p u la tio n s  r e q u ir e s  m u c h  g re a te r m e m o r y  a c c e s s  a n d  lo n g e r  e x e c u tio n  
tim e s . In v e s tig a tio n  o f th e  s tr u c tu r e  o f  th e  c o d e  le n d s  s o m e  in s ig h t in to  th e  m e m o r y  
u s a g e  tr e n d s . T h e  p a r a lle l a lg o r ith m , e v e n  w ith  o n ly  o n e  is la n d  p o s s e s s e s  s e v e r a l 
e x tra  c o n tro l s tr u c tu r e s  f o r  m ig r a tio n  a n d  c o m m u n ic a tio n  o v e r th e  s e ria l a lg o rith m , 
le a d in g  to  th e  m in o r  in c r e a s e  in  m e m o r y  u s a g e  be tw e e n  th e  3 x  P o p u la tio n  P a ra lle l 
a n d  th e  3 x  P o p u la tio n  S e r ia l m o d e l. T h e  d ra m a tic  in c r e a s e  in  m e m o r y  u s a g e  f o r th e  
3 x  Is la n d s  m o d e l is  d u e  to  th e  th re e  fo ld  d u p lic a tio n  o f  th e s e  c o n tr o l s tru c tu r e s , 
a lth o u g h  th is  o n ly  a c c o u n ts  fo r  s o m e  o f  th e  in c r e a s e . T h e  re m a in e d  c a n  be  e x p la in e d  
by  c o n s id e r in g  th e  d y n a m ic s  o f th e  m e m o r y  a c c e s s  in  q u e s tio n . T h e  g r a p h  s h o w s  th e  
a m o u n t o f  m e m o r y  a c c e s s  p e r  s e c o n d ; w ith  m u ltip le  th r e a d s  r u n n in g  c o n c u r re n tly  –  
a s  is  th e  c a s e  w ith in  th e  m u ltip le  p o p u la tio n  m o d e l (3 x  Is la n d )  –  th e  m e m o r y  a c c e s s  
f o r c o n te x t s w itc h  is  in c r e a s e d .  
 
A  s im ila r a r g u m e n t to  th a t p r o v id e d  f o r th e  a d d itio n a l m e m o r y  a c c e s s  is  a p p lic a ble  
f o r th e  in c r e a s e  in  e x e c u tio n  tim e  r e q u ir e d  fo r  th e  m u lti- p o p u la tio n  a lg o rith m . 
H o w e v e r in  th is  c a s e  th e  e ff e c t o f  in c r e a s e d  ite r a tio n  in  o u te r  lo o p s  a ls o  c o n tribu te s . 
In  g e n e r a l, th e  c o m p le x ity  o f  th e  a lg o rith m  is  o f  th e  o r d e r ()  w h e r e   is  th e  
n u m be r o f  is la n d s  w ith in  a  v ir tu a l m a c h in e  a n d   is  th e  n u m be r  o f in d iv id u a ls . 
C o n s id e r th e  s itu a tio n s  p re s e n te d  a bo v e  w h e r e  th e  n u m be r o f  is la n d s  is  3 , 1  a n d  1  
r e s p e c tiv e ly  a n d  th e  n u m be r o f  in d iv id u a ls  is  3 0 0  f o r a ll e x p e r im e n ts . T h is  g iv e s  a n  
e x p e c te d  r u n n in g  tim e  f o r th e  m u lti- p o p u la tio n  a lg o rith m  o f  a p p ro x im a te ly  3  tim e s  
th a t o f  th e  s in g le  p o p u la tio n  a lg o rith m s . T h e  r e m a in in g  d is c r e p a n c ie s  in  ru n n in g  tim e  
be tw e e n  th e  tw o  s in g le  p o p u la tio n  m o d e ls  c a n  be  e x p la in e d , a s  w a s  d o n e  a bo v e , by  
th e  in c r e a s e d  c o n tr o l o p e ra tio n s  r e q u ir e d  in  th e  p a ra lle l v e r s io n . S im ila rly , th e  e x tr a  
in c re a s e  in  c o m p u ta tio n a l tim e  f o r  th e  m u lti- p o p u la tio n  m o d e l is  a ttr ibu te d  to  th e  
o v e r h e a d  o f  c o n te x t s w itc h  ( a s  it is  m u lti- th re a d e d ) a n d  in c r e a s e d  IO  w a it tim e . 
 
T h e  r e le v a n c e  o f th e s e  re s u lts  is  in  d e m o n s tra tin g  th e  in c r e a s e d  c o m p u ta tio n a l tim e  
a n d  m e m o r y  u s a g e  o f  th e  s p lit p o p u la tio n  m o d e l o v e r  th e  n a ïv e  p a r a lle l a n d  s e r ia l 
a lg o r ith m s . In  a d d itio n , th e  be n e f it o f th e  p a r a lle l a lg o r ith m s  is  s h o w n  in  te r m s  o f  
s o lu tio n  q u a lity . H o w e v e r, th e  re s u lts  o f  th e  s in g le  is la n d  p a ra lle l a lg o r ith m  s u g g e s t 
th a t th e  im p ro v e m e n t is  m o r e  re la te d  to  a n  in c r e a s e  in  e litis m  d u e  to  th e  m ig ra tio n  
s c h e m e  be in g  u s e d . T h is  c o u ld  be  f u rth e r c o n f ir m e d  by  m e a s u rin g  th e  c h a n g e  in  
r e s u lt p ro v id e d  by  m o d if y in g  th e  e litis m  w ith in  th e  s e r ia l a lg o r ith m . 
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7 .4 . D IS T R IB U T E D  P A R A L L E L  A N D  S E R IA L  C O M P A R IS O N  
A s  d e s c ribe d  in  s e c tio n  6 .4 , it w a s  e x p e c te d  th a t th e  d is tribu te d  p a r a lle l a lg o rith m  
w o u ld  o u tp e rf o rm  th e  s e r ia l a lg o r ith m  by  im p ro v in g  c o n v e r g e n c e  c h a r a c te r is tic s  a n d  
h e n c e  a llo w in g  a  m o r e  th o r o u g h  e x p lo ra tio n  o f  th e  s e a rc h  s p a c e . A lth o u g h  a n  
in c re a s e  in  e x e c u tio n  tim e  w a s  e x p e c te d  a s  a  r e s u lt o f th e  in te r- is la n d  
c o m m u n ic a tio n , a n  in c re a s e  a s  p r o f o u n d  a s  th a t w h ic h  w a s  o bs e r v e d  w a s  n o t 
a n tic ip a te d . A s  c a n  be  s e e n  f ro m  th e  g r a p h  in  fig u r e  7 .4 .1 , th e r e  is  a n  a p p r o x im a te  
tw o - fo ld  in c r e a s e  in  c u m u la tiv e  e x e c u tio n  tim e . N o te  th a t th e  p a r a lle l a lg o r ith m  
r u n n in g  o n  e a c h  o f  th e  is la n d s  o n ly  d if f e rs  f r o m  th e  s e r ia l o n e  by  th e  in c lu s io n  o f a  
c o m m u n ic a tio n  s te p . W ith in  th is  c o m m u n ic a tio n  th e  is la n d  u p d a te s  s ta tis tic s  o n  a  
s e rv e r  a n d  p e r f o r m s  m ig r a tio n . It m u s t be  th e  c a s e  th a t th is  c o m m u n ic a tio n  s ta g e  is  
ta k in g  a p p r o x im a te ly  a s  lo n g  to  e x e c u te  a s  th e  re m a in d e r  o f th e  a lg o r ith m . T h is  
f o llo w s  f ro m  th e  r e s u lts  o f th e  p re v io u s  e x p e r im e n t, w h ic h  s u g g e s te d  th a t m o r e  th a n  
o n e  is la n d  a tte m p tin g  to  c o m m u n ic a te  w ith  th e  s e r v e r c a u s e d  a n  in c r e a s e  in  r e q u ir e d  
e x e c u tio n  tim e  d u e  to  IO  blo c k in g .  
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F ig u r e  7 .4 .1 :   T h e  a v e r a g e  c u m u la t iv e  e x e c u t io n  t im e  f o r  t h e  s e r ia l a n d  d is t r ib u t e d  p a r a lle l 
a lg o r it h m  w it h  t h r e e  is la n d s . T h e  e x e c u t io n  t im e  f o r  t h e  p a r a lle l a lg o r it h m  is  a n  
a v e r a g e  o f  t h a t  m e a s u r e d  f o r  e a c h  is la n d , r a t h e r  t h a n  a  to t a l f o r  a ll h o s t s . 
 
T h e  p e r fo r m a n c e  o f  th e  d is tr ibu te d  a lg o r ith m  w a s  m a r g in a lly  be tte r  th a n  th e  s e r ia l 
a lg o r ith m  w h e n  ba s in g  th e  c o m p a r is o n  o n  th e  a v e r a g e  fitn e s s  o f th e  be s t s o lu tio n  
f o u n d  a fte r 1 0 0  g e n e r a tio n s . T h is  c a n  be  s e e n  in  f ig u r e  7 .4 .2 , w h e r e  th e  tw o  v a lu e s  
a r e  c o m p a re d . H o w e v e r , th e  im p r o v e m e n t is  r e la tiv e ly  m in o r a n d  d o e s  n o t re f le c t th e  
f a c t th a t th e  p a r a lle l a lg o r ith m  h a s  th re e  tim e s  th e  c o m p u ta tio n a l p o w e r  a t its  d is p o s a l 
a n d  th re e  tim e s  th e  p o p u la tio n .1 6   
 
                                                 
1 6  T h is  is  tr u e  o f th e  p a r tic u la r  c a s e  in  q u e s tio n , w h e r e  th e r e  a r e  th r e e  is la n d s  w ith in  th e  p a r a lle l 
a lg o r ith m  w ith  1 0 0  m e m be r s  p e r  is la n d , r a th e r  th a n  in  g e n e r a l. 
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F ig u r e  7 .4 .2 :   T h e  a v e r a g e  b e s t  s o lu t io n s  f o r  t h e  d is t r ib u t e d  p a r a lle l a n d  s e r ia l a lg o r it h m s  w it h  
1 0 0  m e m b e r  p o p u la t io n s  a f t e r  1 0 0  g e n e r a t io n s . 
 
T h e  p a r a lle l d is tr ibu te d  a lg o r ith m  w a s  a ls o  e x p e c te d  to  s h o w  im p ro v e d  c o n v e r g e n c e  
c h a ra c te ris tic s  o v e r  th e  s e r ia l a lg o r ith m . C o n v e r g e n c e  c a n  be  e s tim a te d  by  c o m p a rin g  
th e  fitn e s s  o f th e  be s t o f  g e n e r a tio n  a n d  th e  a v e r a g e  fitn e s s  o f a ll in d iv id u a ls  in  th e  
g e n e ra tio n s . W h e n  th e s e  v a lu e s  a r e  c lo s e , th e r e  a r e  m a n y  o th e r  in d iv id u a ls  w ith in  th e  
g e n e ra tio n  th a t h a v e  a  s im ila r  fitn e s s  to  th a t o f th e  be s t o f g e n e r a tio n  a n d  h e n c e  a r e  
lik e ly  to  h a v e  s im ila r g e n e tic  m a k e u p . T h e  re s u lts  o f  th is  c o m p a ris o n  a re  p r e s e n te d  in  
f ig u r e  7 .4 .3 , w h ic h  s e e m s  to  in d ic a te  th a t g e n e tic  d iv e rs ity  is  be in g  m a in ta in e d , d u e  
to  th e  c o n s ta n t s e p a r a tio n  o f  a v e r a g e  a n d  be s t fitn e s s . T h e s e  re s u lts  a r e  in  c o n f lic t 
w ith  th e  o bs e rv e d  p e r fo r m a n c e  h o w e v e r , a s  a ll v a ria n ts  o f  th e  a lg o rith m  d e m o n s tr a te  
a n  in itia l g o o d  ra te  o f e x p lo ra tio n  bu t s o o n  d e g e n e r a te . Im p ro v e m e n ts  th e r e a fte r a r e  
s lo w  a n d  re la tiv e ly  r a n d o m . F u rth e r in v e s tig a tio n  o f th e  c o n v e r g e n c e  o f th e  
a lg o r ith m  w a s  c le a r ly  c a lle d  f o r a n d  is  p r e s e n te d  in  c h a p te r  8 . 
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F ig u r e  7 .4 .3 :   T h e  s e p a r a t io n  o f  a v e r a g e  f it n e s s  a n d  t h e  f it n e s s  o f  t h e  b e s t  in d iv id u a l p e r  
g e n e r a t io n  w it h in  t h e  d is t r ib u t e d  p a r a lle l a lg o r it h m  w it h  3  is la n d s  e a c h  o f  1 0 0  
m e m b e r s , m e a s u r e d  o v e r  1 0 0  g e n e r a t io n s . 
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T h e  r e s u lts  o f  th e s e  e x p e r im e n ts  d e m o n s tra te  th a t th e  d is tr ibu te d  p a ra lle l a lg o r ith m  
d e m o n s tr a te s  im p ro v e d  s o lu tio n  q u a lity  o v e r  th e  s e r ia l a lg o r ith m . In  f a c t, c o m p a r in g  
th e s e  r e s u lts  w ith  th o s e  o bta in e d  in  s e c tio n  7 .3  f o r th e  n o n - d is tribu te d  v e r s io n  o f  th e  
p a r a lle l a lg o r ith m  s h o w s  a  s lig h tly  w o r s e  le v e l o f  s o lu tio n . N o te  h o w e v e r th a t th e  
s ta n d a r d  d e v ia tio n  w ith in  th e  f in a l fitn e s s  m e a s u r e s  o f  th e  p a r a lle l a lg o rith m s  is  
a p p r o x im a te ly  3 5  u n its . T h e  re s u lts  p re s e n te d  f o r  th e  d is tr ibu te d  p a ra lle l a lg o r ith m  
a r e , in  g e n e ra l, w ith in  o n e  s ta n d a r d  d e v ia tio n . H e n c e , th e  d is c r e p a n c y  c o u ld  be  
a ttr ibu te d  to  th e  s to c h a s tic  n a tu r e  o f th e  a lg o r ith m s . T h e  in c re a s e  in  e x e c u tio n  tim e  is  
a ls o  c o m p a ra ble  to  th a t o bs e rv e d  w ith  th e  m u lti-p o p u la tio n  m o d e l o f th e  n o n -
d is tr ibu te d  p a ra lle l a lg o r ith m . T h a t is , th e  p a ra lle l d is tr ibu te d  a n d  n o n - d is tr ibu te d  
a lg o r ith m s  e x h ibit r e s u lts  w h ic h  a r e  re a s o n a bly  s im ila r . F in a lly , th e  f ir s t m e a s u r e  o f 
c o n v e r g e n c e  a n d  g e n e tic  d iv e r s ity  m a d e  h e r e  g iv e s  th e  in itia l c o n c lu s io n  th a t 
d iv e rs ity  is  be in g  m a in ta in e d  w ith in  th e  p a r a lle l d is tr ibu te d  a lg o r ith m . H o w e v e r , th is  
r e s u lt w ill be  fu r th e r  e x p lo r e d  in  c h a p te r 8 . 
 
7 .5 . IN C R E A S IN G  C L U S T E R  S IZ E  
7 .5 .1 R E S U L T S  A N D  O B S E R V E D  T R E N D S  
T h is  e x p e r im e n t w a s  a im e d  a t m e a s u rin g  th e  e f f e c ts  o f  in c r e a s in g  th e  c lu s te r s iz e  
u s e d  to  p e r fo r m  th e  p a r a lle l d is tr ibu te d  a lg o r ith m  o n . T h e  m e th o d  a n d  e x p e c te d  
r e s u lts  a r e  g iv e n  in  s e c tio n  6 .5 .  
 
T h e  f ir s t m e a s u r e  m a d e  w a s  th a t o f  r e q u ir e d  C P U  tim e , th e  re s u lts  o f  w h ic h  a r e  
p r e s e n te d  in  f ig u r e  7 .5 .1 1 . G e n e r a lly  th e  r e q u ir e d  C P U  tim e  p e r is la n d  w a s  u n ifo r m , 
a s  e x p e c te d ; th e  tim e s  p r e s e n te d  fo r  th e  o n e , tw o  a n d  th r e e  h o s t c lu s te r s  a r e  a ll w ith in  
o n e  s ta n d a r d  d e v ia tio n  o f  e a c h  o th e r . T h e  o n ly  e x c e p tio n  w a s  th a t o f  th e  f o u r  h o s t 
c lu s te r. In c o n s is te n c ie s  w e r e  o bs e r v e d  in  th e  m e a s u r e s  f o r a ll o f th e  te s ts  in v o lv in g  
th e  fo u r  h o s t c lu s te r a n d  th e s e  w ill be  c o lle c tiv e ly  e x p la in e d  s h o r tly . 
 
W a llc lo c k  tim e  w a s  a ls o  m e a s u r e d  a n d  be h a v e s  a s  e x p e c te d . In c r e a s in g  th e  n u m be r  
o f  h o s ts  in c r e a s e s  th e  a m o u n t o f tim e  e a c h  h o s t s p e n d s  to  c o m p le te  th e  e x e c u tio n  o f 
th e  a lg o r ith m , bu t d o e s  n o t in c re a s e  th e  a c tu a l tim e  s p e n t c o m p u ta tio n a lly  ( th e  C P U  
tim e ). C o m bin in g  th is  w ith  th e  r e s u lts  o bta in e d  f o r  C P U  tim e , it is  c le a r  th a t th e  
in c re a s e  in  w a llc lo c k  tim e  a s s o c ia te d  w ith  in c re a s in g  th e  c lu s te r  s iz e  is  n o t d u e  to  
e x tra  c o m p u ta tio n . T h e  a m o u n t o f  C P U  tim e  re q u ire d  r e m a in s  r e la tiv e ly  c o n s ta n t a n d  
h e n c e  th e  in c re a s e  is  d u e  to  blo c k in g  o n  IO . T h is  is  e ith e r  o w in g  to  a n  in c r e a s e d  lo a d  
o n  th e  s e r v e r, th e  n e tw o r k  o r  a  c o m bin a tio n  o f th e  tw o . T h e  r e s u lts  o bta in e d  s h o w in g  
n e tw o r k  u s a g e , d is p la y e d  in  fig u r e  7 .5 .1 .6 , c o r ro bo ra te s  th is ; a s  th e  c lu s te r  s iz e  
in c re a s e s  th e  u s a g e  o f  th e  n e tw o r k  a ls o  in c r e a s e s . D u e  to  th e  fa c t th a t th e  
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e x p e r im e n ts  w e r e  c a r r ie d  o u t o n  a  s h a r e d , m u ltip le  a c c e s s  m e d iu m , th e  c o llis io n  ra te  
a ls o  in c re a s e d . T h is  is  lik e ly  to  h a v e  le a d  to  d e la y s  in  r e s p o n s e  d u e  to  p a c k e t 
r e tr a n s m is s io n . T h is  e x p la in s  th e  in c re a s e  in  w a llc lo c k  tim e , bu t th e  re la tiv e  s ta bility  
o f  c o m p u ta tio n a l tim e . T a n e n ba u m  ( 1 9 9 6 ) p r o v id e s  a n  e x c e lle n t d e s c r ip tio n  o f  th e  
c o llis io n  c h a ra c te ris tic s  o f  E th e rn e t —  th e  n e tw o r k  te c h n o lo g y  th a t w a s  u s e d  w ith in  
th e s e  e x p e r im e n ts .  
 
C P U  T im e
1 9 0
1 9 0 .5
1 9 1
1 9 1 .5
1 9 2
1 9 2 .5
1 9 3
1 9 3 .5
1 9 4
1 9 4 .5
O n e  H o s t T w o  H o s ts T h re e  H o s ts F o u r H o s ts
T
im
e 
(S
ec
)
 
F ig u r e  7 .5 .1 .1 :   T h e  e x e c u t io n  t im e  s p e n t  o n  t h e  d is t r ib u t e d  p a r a lle l a lg o r it h m  w it h  v a r y in g  
c lu s t e r  s iz e s  f o r  a  1 0 0  m e m b e r  p o p u la t io n  p e r  h o s t . M e a s u r e d  o v e r  1 0 0  
g e n e r a t io n s . 
 
 
W a llc lo c k  T im e
0
5 0
1 0 0
1 5 0
2 0 0
2 5 0
3 0 0
3 5 0
O n e  H o s t T w o  H o s ts T h re e  H o s ts F o u r H o s ts
T
im
e 
(S
ec
)
 
F ig u r e  7 .5 .1 .2 :   T h e  t o t a l r u n n in g  t im e  ( w a llc lo c k )  t im e  f o r  t h e  d is t r ib u t e d  p a r a lle l a lg o r it h m  
w it h  v a r y in g  c lu s t e r  s iz e s . M e a s u r e d  in  s e c o n d s , o v e r  1 0 0  g e n e r a t io n s  w it h  a  
p o p u la t io n  s iz e  o f  1 0 0  m e m b e r s  p e r  h o s t . 
 
T h e  q u a lity  o f th e  be s t s o lu tio n s  fo u n d  by  e a c h  o f th e  c lu s te r  s iz e s  w a s  a ls o  m e a s u r e d  
a n d  d e m o n s tra te d  th a t th e  m a jo r  im p r o v e m e n t w a s  h a d  by  in c r e a s in g  th e  c lu s te r  s iz e  
f ro m  o n e  to  tw o  h o s ts . A d d in g  a  th ir d  h o s t p r o v id e d  o n ly  m in o r  im p r o v e m e n t a n d  
a d d in g  a  f o u r th  h o s t a c tu a lly  r e s u lte d  in  s lig h tly  w o r s e  p e r f o rm a n c e . H o w e v e r , th e  
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o u tc o m e s  o f th e  tw o , th r e e  a n d  fo u r  h o s t c lu s te r s  a r e  q u ite  s im ila r, a n d  th e  v a ria tio n  
is  q u ite  p o s s ibly  d u e  to  th e  s to c h a s tic  n a tu r e  o f th e  g e n e tic  a lg o r ith m . T h e  re s u lts  a re  
p r e s e n te d  g r a p h ic a lly  in  f ig u r e  7 .5 .1 .3 . T h e  la c k  o f  im p r o v e m e n t in  s o lu tio n  q u a lity  
f o r th e  la r g e r c lu s te r s  is  in c o n s is te n t w ith  th e  e x p e c te d  re s u lts  a n d  im p lie s  a  la c k  o f 
e f fe c tiv e  s e a rc h  o f  th e  p r o ble m  s p a c e . T h e  lik e ly  c a u s e  o f  th is  is  p r e m a tu re  
c o n v e r g e n c e , a d d r e s s e d  m o re  th o ro u g h ly  in  c h a p te r 8 .    
 
 
A v e r a g e  B e s t S o lu tio n
2 3 0 0
2 3 5 0
2 4 0 0
2 4 5 0
2 5 0 0
2 5 5 0
2 6 0 0
1 2 3 4
N u m b e r  o f H o s ts
F
it
n
es
s
 
F ig u r e  7 .5 .1 .3 :   T h e  a v e r a g e  b e s t  s o lu t io n s  f o u n d  b y  t h e  d is t r ib u t e d  p a r a lle l a lg o r it h m  w it h  
v a r y in g  c lu s t e r  s iz e s  m e a s u r e d  o v e r  1 0 0  g e n e r a t io n s  w it h  p o p u la t io n  s iz e  o f  1 0 0  
m e m b e r s  p e r  h o s t . 
 
 
T h e  m e m o r y  a c c e s s  o f th e  v a r y in g  c lu s te r s iz e s  w a s  a ls o  m e a s u r e d . O n c e  a g a in , th e  
r e s u lts  o f  th e  f o u r  h o s t c lu s te r w e r e  in c o n s is te n c e . T h is  in itia lly  a p p e a r s  to  
d e m o n s tr a te  a n  im p ro v e m e n t in  m e m o r y  a c c e s s  f o r  th e  la r g e r  c lu s te r s iz e s , bu t is  
a c tu a lly  a n  a r te f a c t o f  th e  in c re a s e d  w a llc lo c k  tim e . T h e  m e a s u r e  o f m e m o r y  a c c e s s  
is  th e  q u o tie n t o f to ta l m e m o r y  a c c e s s e d  d iv id e d  by  th e  to ta l e x e c u tio n  tim e . 
M u ltip ly in g  th e  m e m o r y  a c c e s s  by  th e  to ta l tim e  g iv e s  th e  to ta l m e m o r y  a c c e s s , 
w h ic h  is  g r a p h e d  in  f ig u r e  7 .5 .1 .5 , s h o w in g  th a t a ll (e x c e p tin g  th e  f o u r  h o s t c lu s te r, 
o n c e  a g a in )  c lu s te r  s iz e s  u s e d  s im ila r a m o u n ts  o f  m e m o r y  p e r  h o s t. T h is  is  in  k e e p in g  
w ith  th e  e x p e c ta tio n s  o u tlin e d  in  s e c tio n  6 .5 .  
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M e m o r y  A c c e s s
0 .2 5 5
0 .2 6
0 .2 6 5
0 .2 7
0 .2 7 5
0 .2 8
0 .2 8 5
0 .2 9
0 .2 9 5
0 .3
0 .3 0 5
O n e  H o s t T w o  H o s ts T h re e  H o s ts F o u r H o s ts
G
B
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n
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F ig u r e  7 .5 .1 .4 :   M e m o r y  a c c e s s  m e a s u r e d  in  g ig a b y t e s  p e r  s e c o n d  f o r  t h e  d is t r ib u t e d  p a r a lle l 
a lg o r it h m  w it h  v a r y in g  c lu s t e r  s iz e  o v e r  1 0 0  g e n e r a t io n s  w it h  a  p o p u la t io n  o f  
1 0 0  m e m b e r s  p e r  h o s t . 
 
T o ta l M e m o r y  U s a g e
0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0
1 0 0
O n e  H o s t T w o  H o s ts T h re e  H o s ts F o u r H o s ts
M
em
o
ry
 (
G
B
yt
es
)
S e rie s 1
 
F ig u r e  7 .5 .1 .5 :   T h e  t o t a l m e m o r y  u s a g e  m e a s u r e d  in  g ig a b y t e s  f o r  t h e  d is t r ib u t e d  p a r a lle l 
a lg o r it h m  w it h  v a r y in g  c lu s t e r  s iz e  m e a s u r e d  o v e r  1 0 0  g e n e r a t io n s  w it h  a  
p o p u la t io n  s iz e  o f  1 0 0  m e m b e r s  p e r  h o s t . 
 
 
N e tw o r k  a c c e s s  w a s  a ls o  m e a s u re d  a n d  be h a v e d  e s s e n tia lly  a s  e x p e c te d , w ith  a  
r o u g h ly  lin e a r  in c r e a s e  in  th e  a m o u n t o f  n e tw o rk  tr a ff ic  g e n e r a te d  a s  th e  s iz e  o f  th e  
c lu s te r w a s  in c r e a s e d . O n c e  a g a in , th e r e  w a s  a n  e x c e p tio n  to  th is  tre n d  d e m o n s tra te d  
by  th e  f o u r  h o s t c lu s te r, w h ic h  is  e x p la in e d  in  th e  fo llo w in g  s e c tio n . T h e  ba s e lin e  
n e tw o r k  a c tiv ity  w a s  m e a s u re d  a n d  f o u n d  to  be  a lm o s t n e g lig ible  a t a p p ro x im a te ly  
1 .9 3  k ilo bits  p e r  s e c o n d . R e c a ll th a t th e  n e tw o r k  u s a g e  is  n o t o n ly  r e s tr ic te d  to  th e  
c o m m u n ic a tio n  o f in d iv id u a ls  a s  p a rt o f th e  m ig r a tio n  s c h e m e  bu t a ls o  in c lu d e s  a n  
in itia l tra n s fe r  o f e x e c u ta ble  c o d e  fo r  th e  is la n d s  a s  w e ll a s  tr a n s m is s io n  o f  s ta tis tic a l 
d a ta  to  th e  s e r v e r. H o w e v e r , s in c e  a ll th e  c lu s te r s iz e s  p o s s e s s  th e s e  o v e r h e a d s , 
e f fe c tiv e  c o m p a r is o n  c a n  be  m a d e  w ith o u t e lim in a tin g  th e ir  e f fe c ts . 
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N e tw o r k  A c c e s s
0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
O n e  H o s t T w o  H o s ts T h re e  H o s ts F o u r H o s ts
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F ig u r e  7 .5 .1 .6 :   N e t w o r k  a c c e s s  m e a s u r e d  in  k ilo - b it s  p e r  s e c o n d  f o r  t h e  p a r a lle l d is t r ib u t e d  
a lg o r it h m  w it h  in c r e a s in g  c lu s t e r  s iz e s  o v e r  1 0 0  g e n e r a t io n s  w it h  a  p o p u la t io n  o f  
1 0 0  m e m b e r s  p e r  h o s t . 
 
7 .5 .2  F O U R  H O S T  C L U S T E R  V A R IA N C E  
A s  w a s  m e n tio n e d  s e v e r a l tim e s  in  s e c tio n  7 .5 .1 , th e  r e s u lts  o bta in e d  f ro m  th e  
f o u r h o s t c lu s te r  w e r e  in c o n s is te n t w ith  th o s e  o f  th e  s m a lle r c lu s te rs . T h is  is  d u e  to  
th e  to p o lo g y  a n d  u s a g e  o f  th e  f o u r m a c h in e s , w h ic h  w a s  d e ta ile d  in  c h a p te r  5 . O n e  o f  
th e  h o s ts  ru n s  th e  K D E  g ra p h ic a l u s e r in te r f a c e  f o r  L in u x , is  th e  m a s te r  h o s t f o r th e  
g r id  e n g in e , c o n ta in s  th e  m ig ra tio n  a n d  s ta tis tic a l s e rv e r  fo r  th e  g e n e tic  a lg o rith m  a n d  
s e rv e s  th e  e x e c u ta ble  c o d e  fo r  th e  o th e r  h o s ts . N o t s u rp r is in g ly  th e n , th is  m a c h in e  is  
q u ite  h e a v ily  lo a d e d . F o r  a ll c lu s te r s iz e s  o f  le s s  th a n  f o u r  m a c h in e s , it h a d  be e n  
o m itte d  f r o m  th e  s e le c tio n  o f e x e c u tio n  h o s ts  f o r  th e  g e n e tic  a lg o r ith m  by  th e  g r id  
e n g in e  s c h e d u lin g  s e rv ic e . H o w e v e r , th is  le f t o n ly  th re e  m a c h in e s  s u ita ble  f o r 
h o s tin g  a n  is la n d  o f th e  g e n e tic  a lg o rith m . W h e n  th e  d e s ire d  n u m be r o f  is la n d s  
e x c e e d e d  th r e e  ( a s  w a s  th e  c a s e  w ith  th e  fo u r  h o s t c lu s te r ), o n e  o f  tw o  p o s s ible  c a s e s  
o c c u rr e d . T h e  h e a v ily  lo a d e d  m a s te r  h o s t w a s  s e le c te d  to  c o n ta in  a n  is la n d  o r o n e  o f  
th e  o th e r  h o s ts  w a s  s e le c te d  to  c o n ta in  tw o  is la n d s  e x e c u tin g  c o n c u rr e n tly  o n  th e  
s a m e  p r o c e s s o r . T h is  d e c is io n  w a s  m a d e  d y n a m ic a lly  by  th e  g rid  e n g in e  a t e x e c u tio n  
tim e  a n d  w a s  th e  c a u s e  o f th e  u n e x p e c te d  r e s u lts  d e m o n s tra te d  by  th e  c lu s te r s iz e  o f 
f o u r.  
 
In  th e  f ir s t c a s e , th e  m a s te r  h o s t w a s  d e le g a te d  th e  c o n tro l o f a n  is la n d . O f  c o u r s e , 
th is  a f fe c te d  th e  to ta l r u n n in g  (w a llc lo c k )  tim e  o f  th e  is la n d , in c re a s in g  it to  be tw e e n  
1 .5  a n d  2  tim e s  th a t o f  th e  o th e r is la n d s  w ith in  th e  c lu s te r . T h e  a m o u n t o f in c r e a s e  
w a s  q u ite  v a r ia ble  a s  th is  w a s  a f fe c te d  by  th e  c u r r e n t e x e c u tio n  e n v ir o n m e n t o n  th e  
s e rv e r  –  s o m e th in g  th a t w a s  in  its e lf  q u ite  v a ria ble . In  th e  c a s e  w h e r e  tw o  is la n d s  
w e r e  e x e c u tin g  c o n c u r r e n tly  o n  a  s in g le  p r o c e s s o r , th e  e x e c u tio n  tim e  o f  bo th  h o s ts  
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in c re a s e d  by  ro u g h ly  th e  s a m e  a m o u n t. A lth o u g h  th e  to ta l e x e c u tio n  (C P U )  tim e  
in c re a s e d  in  th e  fo u r  h o s t c lu s te r , it w a s  a  r e la tiv e ly  s m a ll in c r e a s e  a n d  is  lik e ly  
r e la te d  to  th e  o v e r h e a d  o f  c o n te x t s w a p . F u rth e r te s ts  w o u ld  be  n e e d e d  to  c o n c lu d e  
th is  w ith  c e r ta in ty  h o w e v e r . T h is  th e n  e x p la in s  th e  re s u lts  p re s e n te d  in  fig u r e s  7 .5 .1 .1  
a n d  7 .5 .1 .2 , w h e r e  th e r e  is  a  m e a s u r e d  in c r e a s e  in  bo th  C P U  tim e  a n d  w a llc lo c k  tim e  
w ith in  th e  fo u r  h o s t c lu s te r . 
 
F ig u re  7 .5 .1 .5  a ls o  s h o w e d  a n  in c r e a s e  in  to ta l m e m o r y  a c c e s s  fo r  th e  fo u r  h o s t 
c lu s te r. T h is  is  lik e ly  th e  r e s u lt o f th e  in c r e a s e d  r u n n in g  tim e , r e q u ir in g  m o r e  
m e m o r y  s w a p s  a n d  m a n ip u la tio n s  d u e  to  th e  fa c t th a t o th e r  p ro c e s s e s  w e re  a ls o  
h e a v ily  u s in g  th e  m e m o r y  s p a c e . 
 
In c o n s is te n c ie s  w e re  a ls o  o bs e r v e d  in  th e  m e a s u re  o f  n e tw o rk  u s a g e ; th e  fo u r h o s t 
c lu s te r a c tu a lly  u tiliz in g  th e  n e tw o rk  s lig h tly  le s s  th a n  th e  th re e  h o s t c lu s te r . T h is  is  
in  k e e p in g  w ith  th e  a bo v e  e x p la n a tio n  th a t a n  is la n d  w a s  lo c a te d  o n  th e  m a s te r s e r v e r 
o r  c o -lo c a te d  w ith  a n o th e r  is la n d  in  e v e r y  e x e c u tio n  o f  th e  a lg o rith m . In  th e  f o rm e r 
c a s e , th is  r e d u c e d  to ta l n e tw o r k  tr a f fic  by  a  q u a r te r, a s  th e  is la n d  r e s id in g  o n  th e  
m a s te r h o s t c o u ld  a c c e s s  th e  s e r v e r, e x e c u ta ble s  a n d  g rid  e n g in e  m a s te r w ith o u t 
n e e d in g  to  a c c e s s  th e  n e tw o r k . T h is  w a s  c o n firm e d  by  ru n n in g  a  s in g le  h o s t c lu s te r 
w ith  th a t h o s t r e s id in g  o n  th e  m a s te r s e rv e r . T h e  r e s u lts  o bs e r v e d  s h o w e d  th a t 
n e tw o r k  a c c e s s  w a s  re s tric te d  to  g rid  e n g in e  c o n tr o l m e s s a g e s  o n ly  a n d  th e  o bs e r v e d  
u s a g e  o f 1 .5 4  K B its /s e c o n d  w a s  s ig n if ic a n tly  le s s  th a n  th a t o bs e r v e d  fo r  a  s in g le  
is la n d  r e s id in g  o n  a  s e p a r a te  p ro c e s s o r. T h is  p re s e n ts  a n o th e r c o n u n d r u m ; f o llo w in g  
th is  lo g ic , th e  n e tw o r k  u tiliz a tio n  f o r  th e  in s ta n c e s  w h e r e  a n  is la n d  re s id e d  o n  th e  
m a s te r h o s t s h o u ld  be  a lm o s t id e n tic a l to  th a t f o r th e  th r e e  h o s t c lu s te r . T h is  w a s  n o t 
th e  c a s e  h o w e v e r , w ith  th e  re s u lts  o f  s u c h  a  f o u r h o s t c lu s te r s h o w in g  le s s  n e tw o rk  
u s a g e  th a n  th a t o f  th e  th r e e  h o s t c lu s te r . T h e  e x p la n a tio n  f o r th is  is  o n c e  a g a in  d u e  to  
th e  n a tu r e  o f  th e  c a lc u la tio n . T h e  m e a s u r e  is  m a d e  by  d iv id in g  th e  to ta l a m o u n t o f  
d a ta  tr a n s m itte d  by  th e  to ta l tim e . It h a s  be e n  s h o w n  th a t th e  a d d itio n  o f a n  is la n d  to  
th e  m a s te r  h o s t d o e s  n o t in c re a s e  n e tw o rk  u s a g e , bu t it d o e s  e x te n d  th e  to ta l 
w a llc lo c k  tim e  f o r  th e  c lu s te r, a s  th e  is la n d  e x e c u tin g  o n  th e  m a s te r  s e r v e r  re q u ire s  a  
m u c h  lo n g e r  tim e . T h is  o f c o u r s e , d e c r e a s e s  th e  v a lu e  o f  n e tw o r k  a c c e s s , a s  th e  
d e n o m in a to r is  in c r e a s e d . S im ila r d is c r e p a n c ie s  a p p e a r  f o r th e  c a s e  w h e re  tw o  
is la n d s  a re  c o - lo c a te d  o n  th e  s a m e  h o s t. H o w e v e r, fu r th e r  e x p e rim e n ta tio n  a n d  
a n a ly s is  o f r e s u lts  is  re q u ir e d  to  s ta te  th e  c a u s e  a n d  e f fe c ts  o f th e s e  w ith  a n y  
c e rta in ty .  
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7 .5 .3  S U M M A R Y   
T h e r e  a r e  s e v e r a l k e y  p o in ts  to  d r a w  f ro m  th e s e  r e s u lts . T h e  f irs t is  p r o ba bly  th e  
m o s t o bv io u s . A s  w a s  d e m o n s tra te d  in  s e c tio n  7 .1 , th e o r e tic a lly  s o u n d  e x p e c ta tio n s  
o f te n  f a il to  e x h ibit th e m s e lv e s  in  p r a c tic e  d u e  to  o v e r s im p lific a tio n  o f th e  o p e ra tin g  
e n v iro n m e n t w h e n  m a k in g  p r e d ic a tio n s  a bo u t e x p e c te d  p e rf o rm a n c e . In d e e d , th is  is  
th e  re a s o n  fo r  m u c h  o f  th e  d a ta  w ith in  s e c tio n  7 .5 .1  w h ic h  in itia lly  s e e m e d  to  p o s e  
c o u n te r p o in t to  th e  in itia l o bs e rv a tio n s . T h e  n e x t p o in t o f c o n s id e r a tio n  is  th e  e ff e c t 
o f  in c r e a s in g  th e  s iz e  o f  th e  c lu s te r . T h e  p r o m is in g  f in d in g  is  th a t in c re a s in g  th e  
c lu s te r s iz e  d o e s  n o t a p p e a r  to  s u bs ta n tia lly  in c r e a s e  th e  e x e c u tio n  tim e  p e r h o s t.1 7  
D e s p ite  th is , h o w e v e r , th e  r e s u lts  a ls o  s u g g e s t th a t in c r e a s in g  th e  c lu s te r  s iz e  d o e s  
n o t s ig n ific a n tly  in c r e a s e  th e  q u a lity  o f  s o lu tio n s  f o u n d  by  th e  a lg o rith m . C h a p te r 8  
p r o v id e s  a  m o r e  in  d e p th  d e s c r ip tio n  o f w h y  th is  is , bu t brie fly  th e r e  is  a  te n d e n c y  
to w a r d s  e a c h  is la n d  s e a r c h in g  th e  s a m e  s e c tio n  o f th e  p ro ble m  s p a c e  a s  a ll th e  o th e r  
is la n d s  w ith in  th e  a lg o rith m . A lth o u g h  m o r e  w id e  ra n g in g  e x p e r im e n ts  w o u ld  be  
n e e d e d  fo r  a  c o n c lu s iv e  r e s u lt, th e s e  o bs e rv a tio n s  s u g g e s t th a t, w ith  th e  a lg o rith m  a s  
it c u r re n tly  s ta n d s , a n  in c re a s e  in  c lu s te r  s iz e  is  n o t e x p e c te d  to  im p ro v e  
p e r fo r m a n c e . 
 
7 .6 . E F F E C T  O F  N A ÏV E  H E U R IS T IC   
T h is  e x p e r im e n t, a s  d e ta ile d  in  s e c tio n  6 .6 , m e a s u r e d  th e  e f f e c t o f  th e  n a ïv e  
h e u r is tic  u p o n  th e  e x e c u tio n  o f  th e  p a r a lle l th r e e - h o s t c lu s te r  a n d  th e  s e r ia l a lg o r ith m . 
T h e  m o s t o bv io u s  firs t m e a s u re m e n t is  th a t o f q u a lity  o f  s o lu tio n , m e a s u r e d  o v e r o n e  
h u n d r e d  g e n e r a tio n s . T h is  is  p r e s e n te d  in  f ig u r e s  7 .6 .1  a n d  7 .6 .2  f o r  th e  s e ria l a n d  
d is tr ibu te d  p a ra lle l a lg o r ith m s  r e s p e c tiv e ly  by  g ra p h in g  th e  f itn e s s  o f  th e  be s t 
s o lu tio n  fo u n d  s o  f a r a t e a c h  g e n e r a tio n . A s  c a n  be  s e e n , th e  s im p le  h e u ris tic  a p p lie d  
h e r e  im p ro v e s  th e  q u a lity  o f  s o lu tio n s  a t e a c h  s ta g e  by  r e a r r a n g in g  th e  g e n e  s tru c tu re  
o f  a ll c h ro m o s o m e s  in  th e  p o p u la tio n . It d o e s  n o t, h o w e v e r, a f f e c t th e  r a te  o f 
im p r o v e m e n t n o r w o u ld  it s e e m  to  h a v e  im p r o v e d  c o n v e r g e n c e  c h a r a c te r is tic s  o f  th e  
a lg o r ith m . B o th  th e  h e u r is tic  a u g m e n te d  v e rs io n  o f th e  a lg o r ith m  a n d  th e  ba s ic  
a lg o r ith m  s h o w  little  s ig n  o f  c o n tin u e d  im p ro v e m e n t to w a r d s  th e  e n d  o f  th e  1 0 0  
g e n e ra tio n  tr ia l. T h is  s e p a ra tio n  o f  s o lu tio n  q u a lity  is  s im ila r  in  n a tu r e  to  th a t 
p r e s e n te d  in  s e c tio n  6 .6  a s  a n  e x p e c te d  re s u lt. T h e  im p r o v e m e n t in  s o lu tio n  q u a lity  is  
d iff e re n t to  th o s e  s h o w n  w ith in  s e c tio n  6 .6 , bu t th is  is  d u e  to  th e  lik e ly  p re m a tu r e  
c o n v e r g e n c e  o f  th is  a lg o r ith m  (w h ic h  is  e x p lo r e d  m o r e  fu lly  in  c h a p te r  8 ) a n d  th e  
f a c t th a t m o re  tria ls  a r e  p re s e n t in  th e  w o rk  s h o w n  in  s e c tio n  6 .6  th a n  a r e  p r e s e n te d  
h e r e . 
 
                                                 
1 7  T h is  is  a s s u m in g  th a t th e  n e tw o r k  in fr a s tr u c tu r e  a n d  s e r v e r  s u p p o r ts  th e  in c r e a s e d  tr a f f ic . 
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F ig u r e  7 .6 .1 :   C o m p a r is o n  o f  t h e  b e s t  s o lu t io n s  f o u n d  a t  e a c h  g e n e r a t io n  f o r  t h e  s e r ia l a lg o r it h m  
w it h  a n d  w it h o u t  t h e  H e u r is t ic  a u g m e n t a t io n . T h e  r e s u lt s  w e r e  m e a s u r e d  o v e r  1 0 0  
g e n e r a t io n s  w it h  a  p o p u la t io n  s iz e  o f  1 0 0  m e m b e r s . 
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F ig u r e  7 .6 .2 :   C o m p a r is o n  o f  t h e  b e s t  s o lu t io n s  f o u n d  a t  e a c h  g e n e r a t io n  f o r  t h e  d is t r ib u t e d  
p a r a lle l a lg o r it h m  r u n n in g  3  is la n d s  w it h  a n d  w it h o u t  t h e  H e u r is t ic  a u g m e n t a t io n . 
T h e  r e s u lt s  w e r e  m e a s u r e d  o v e r  1 0 0  g e n e r a t io n s  w it h  a  p o p u la t io n  s iz e  o f  1 0 0  
m e m b e r s  p e r  h o s t . 
 
A n  a p p a r e n t in c re a s e  in  n e tw o r k  u s a g e  c a n  be  p u t d o w n  to  in c r e a s e d  e x e c u tio n  tim e . 
F o llo w in g  a n  a r g u m e n t id e n tic a l to  th a t o f  s e c tio n  7 .5 , th e  n e tw o rk  u s a g e  o f  bo th  th e  
h e u r is tic  a n d  n o n -h e u r is tic  a lg o rith m s  p r o v e s  to  be  e s s e n tia lly  id e n tic a l —  a s  w a s  
e x p e c te d . 
 
T h e r e  is  a  s iz a ble  in c r e a s e  in  e x e c u tio n  tim e  a n d  a  c o r r e s p o n d in g  in c r e a s e  in  
w a llc lo c k  tim e  o bs e r v e d  w h e n  th e  h e u r is tic  is  a p p lie d . T h e  p a r tic u la r h e u r is tic  
a p p r o a c h  u s e d  in v o lv e s  s o r tin g  e a c h  in d iv id u a l in to  a s c e n d in g  o r d e r o f  d is ta n c e  f r o m  
th e  d e p o t a n d  u s e s  th e  in bu ilt J a v a  Collections.sort(List list) m e th o d , 
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w h ic h  m a k e s  u s e  o f a  m o d ifie d  m e r g e s o r t a lg o r ith m , w ith  c o m p le x ity  o f (	
	). 
T h is  m u s t be  e x e c u te d  fo r  e v e r y  in d iv id u a l w ith in  th e  p o p u la tio n  a n d  m u s t be  d o n e  
e v e r y  g e n e r a tio n . T h e r e f o r e  th e  c o m p le te  c o m p le x ity  o f th e  o p e ra tio n  p e r  g e n e r a tio n  
is  (	
	) ,1 8  w h e r e   is  th e  s iz e  o f  th e  p o p u la tio n  a n d   is  th e  s iz e  o f  th e  
c h r o m o s o m e . T h e  in c r e a s e  in  C P U  tim e  is  s h o w n  in  f ig u r e  7 .6 .3  fo r  th e  s e r ia l 
a lg o r ith m  a n d  d e m o n s tra te s  a  r o u g h ly  tw o  f o ld  in c r e a s e  w h e n  th e  h e u ris tic  is  a p p lie d .  
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F ig u r e  7 .6 .3 :   T h e  o b s e r v e d  in c r e a s e  in  C P U  t im e  f o r  t h e  s e r ia l a lg o r it h m  w it h  a  1 0 0  m e m b e r  
p o p u la t io n  w h e n  t h e  s im p le  h e u r is t ic  w a s  a p p lie d . R e s u lt s  m e a s u r e d  o v e r  1 0 0  
g e n e r a t io n s  
 
B y  w a y  o f e x p la n a tio n  fo r  th e s e  r e s u lts , c o n s id e r  th e  f o llo w in g  s e m i- fo r m a l 
ju s tific a tio n . W ith o u t th e  h e u ris tic , th e  c o m p le x ity  o f  a  s in g le  g e n e r a tio n  is  g iv e n  by  
s u m m in g  th e  c o m p le x itie s  o f  th e  in d iv id u a l o p e r a tio n s  r e q u ir e d  to  c o m p le te  th e  
g e n e ra tio n . W ith in  th e  s e r ia l a lg o r ith m , th e  o p e ra tio n s  th a t d o  n o t h a v e  c o n s ta n t 
c o m p le x ity  a r e  g e n e r a tin g  th e  n e w  p o p u la tio n  w ith  (), e v a lu a tin g  th e  f itn e s s  o f  
a ll n e w  in d iv id u a ls , a ls o  () , a n d  fin d in g  th e  be s t s o lu tio n  w ith in  th e  g e n e r a tio n  
w ith  (	
	) . C o n s id e r th e n  th e  c o n d itio n s  u n d e r  w h ic h  th e  r e s u lts  in  f ig u r e  7 .6 .3  
w e r e  o bta in e d ; p o p u la tio n  o f  1 0 0  m e m be r s  a n d  a  c h ro m o s o m e  s iz e  o f  1 0 0 . W ith o u t 
th e  h e u r is tic , w e  c a n  c r e a te  a  m e tr ic  f o r th e  c r e a tio n  o f  a  n e w  g e n e r a tio n  by  s u m m in g  
th e  c o m p le x ity  o f  th e  o p e ra tio n s  r e q u ir e d : 
 
(	x 	)	+ 	(	x  ) + 	(	x 		x 	
)  ,  
 
F o r  th e  c a s e  w h e r e  th e  h e u r is tic  is  a p p lie d , th e  a bo v e  m e tr ic  p lu s  th a t fo r  th e  h e u r is tic  
a p p lic a tio n  is  a r riv e d  a t: 
                                                 
1 8  T h r o u g h o u t th is  e x p la n a tio n , th e  lo g a r ith m ic  f u n c tio n  is  a s s u m e d  to  be  ba s e  tw o . 
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T h is  is  a p p r o x im a te ly  a  1 .7 5  fo ld  in c r e a s e  in  tim e  c o m p le x ity , w h ic h  is  c o m p a ra ble  
to  th e  e m p ir ic a l re s u lt d e m o n s tr a te d  by  fig u r e  7 .6 .3 .  
 
T h e  s im p le  h e u r is tic  d e m o n s tr a te d  w ith in  th is  s e c tio n  h a s  q u ite  a n  e x te n s iv e  im p a c t 
o n  e x e c u tio n  tim e , bu t p r o v id e s  r e la tiv e ly  lim ite d  im p r o v e m e n t to  th e  re s u lts . W ith in  
s e c tio n  3 .4 .6  it w a s  s u g g e s te d  th a t im p o s in g  s tru c tu re  u p o n  th e  re s u lts  (a s  is  d o n e  by  
th is  h e u r is tic )  is  r e d u n d a n t a s  th e  n e c e s s a r y  s tr u c tu r e  w ill be  e m e r g e n t d u e  to  th e  
s e le c tiv e  p r e s s u r e . In d e e d , th e  re s u lts  o f th is  e x p e r im e n t s u g g e s t th a t th e  h e u ris tic  
a c c e le r a te d  th e  a d o p tio n  o f  th is  a n tic ip a te d  s tr u c tu r e  w ith in  s o lu tio n s , bu t h a d  little  
o th e r e f f e c t. C o m bin e  th is  w ith  o bs e r v a tio n s  w ith in  s e c tio n  3 .4 .6  a s  to  th e  e m e r g e n t 
s tru c tu re  o f  p o p u la tio n  m e m be r s . T h e s e  p o in ts  s u p p o r t th e  a r g u m e n t th a t th e  
s tru c tu re s  p ro m o te d  by  th e  r e - o r d e rin g  w o u ld  h a v e  be e n  e m e r g e n t g iv e n  s u f fic ie n t 
tria ls  e v e n  w ith o u t th e  h e u r is tic . 
 
7 .7 . P R O B L E M  D E C O M P O S IT IO N  P A R A L L E L IS A T IO N   
T h e  p r o ble m  d e c o m p o s itio n  a p p r o a c h  to  p a r a lle lis in g  th e  g e n e tic  a lg o rith m  is  
d is c u s s e d  in  s e c tio n  3 .5  a n d  th e  m e th o d o lo g y  a n d  e x p e c te d  re s u lts  f o r th is  
e x p e r im e n t a r e  p r e s e n te d  in  s e c tio n  6 .7 . T w o  p r o ble m  d e c o m p o s itio n  a p p r o a c h e s  
w e r e  m a d e  a n d  th e  re s u lts  c o m p a r e d  w ith  th e  s u b- p o p u la tio n  a p p ro a c h e s . T h e  fir s t, 
a s  d e s c r ibe d  in  s e c tio n  6 .7  is  th a t o f  a  s im p le  f o u r w a y  s p lit o f  th e  p r o ble m  s p a c e . 
T h e  s e c o n d  w a s  a  c o n c e p tu a l d e c o m p o s itio n  in to  th e  c o n s titu e n t c o m p o n e n ts  o f  th e  
C V R P  - th e  tr a v e llin g  s a le s m a n  p ro ble m  a n d  th e  b in  p a c k in g  ( o r  k n a p s a c k )  p ro ble m .  
 
7 .7 .1 N A ÏV E  F O U R -W A Y  D E C O M P O S IT IO N  
A  s im p lis tic  s p lit o f th e  p ro ble m  s p a c e  in to  fo u r d is tin c t s e g m e n ts  is  m a d e , e a c h  
r e p re s e n tin g  a  c o m p le te ly  s e lf -c o n ta in e d  s u b-p r o ble m . T h e s e  s e g m e n ts  a r e  p re s e n te d  
to  a  h o s t w ith in  th e  c lu s te r  fo r  e v a lu a tio n  by  th e  g e n e tic  a lg o r ith m  —  o n e  s e g m e n t 
p e r  h o s t. T h e r e  is  n o  in te r -h o s t c o m m u n ic a tio n  r e q u ir e d ; th e  p ro ble m s  a r e  e n tire ly  
d is ju n c t. R e s u lts  s im p ly  n e e d  to  be  c o m bin e d  a t th e  c o m p le tio n  o f e a c h  s e c tio n  to  
f o rm  th e  f u ll s o lu tio n . E a c h  s u b-p r o ble m  is  e x e c u te d  in  p a ra lle l w ith  th e  o th e r s . 
 
T h e  m a jo r  re s u lt o f  th is  e x p e rim e n t is  th e  q u a lity  o f  s o lu tio n s  f o u n d  a fte r 1 0 0  
g e n e ra tio n s . A s  p r e s e n te d  in  fig u r e  7 .7 .1 .1 , th e  s o lu tio n s  f o u n d  u s in g  th is  a p p r o a c h  
a r e  a  s ig n if ic a n t im p r o v e m e n t o v e r  a ll th e  o th e r a lg o rith m  ty p e s  e x p lo r e d  th u s  fa r . 
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T h e  g r a p h  s h o w s  th e  a v e r a g e  be s t s o lu tio n  f o u n d  by  th e  n a ïv e  f o u r -w a y  
d e c o m p o s itio n  c o m p a r e d  to  th e  k n o w n  o p tim a l s o lu tio n  fo r  th e  p r o ble m  a n d  th e  be s t 
s o lu tio n  fo u n d  by  th e  p a r a lle l d is tribu te d  a lg o r ith m . T h e  r e s u lt o f  th e  p a r a lle l 
d is tr ibu te d  a lg o r ith m  r e q u ire d  a p p ro x im a te ly  1 5 0 ,0 0 0  g e n e r a tio n s  to  lo c a te , w h e r e a s  
th e  re s u lts  p re s e n te d  f o r  th e  n a ïv e  f o u r -w a y  d e c o m p o s itio n  a lg o r ith m  r e q u ir e d  o n ly  
1 0 0  g e n e ra tio n s . T h e  n a ïv e  p ro ble m  d e c o m p o s itio n  a lg o rith m  w a s  a ls o  a u g m e n te d  
w ith  th e  r o u te - o rd e r in g  h e u ris tic  d is c u s s e d  in  s e c tio n  3 .5 .4 . W ith  th is  a d d itio n , it 
d e m o n s tr a te d  re s u lts  f ro m  1 0 0  g e n e ra tio n s  w h ic h  a re  c o m p a ra ble  to  th o s e  p r o d u c e d  
by  th e  p a r a lle l d is tr ibu te d  a lg o r ith m  a fte r a p p r o x im a te ly  1 5 0 ,0 0 0  g e n e r a tio n s . 
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F ig u r e  7 .7 .1 .1 :   C o m p a r is o n  o f  b e s t  s o lu t io n s  f o u n d  b y  t h e  n a ïv e  p r o b le m  d e c o m p o s it io n  
a lg o r it h m  a n d  t h e  d is t r ib u t e d  s u b - p o p u la t io n  a lg o r it h m . T h e  d e c o m p o s it io n  
a lg o r it h m  w a s  m e a s u r e d  o v e r  1 0 0  g e n e r a t io n s  a n d  t h e  s u b - p r o b le m  a lg o r it h m  
w a s  m e a s u r e d  o v e r  a p p r o x im a t e ly  1 5 0 ,0 0 0  g e n e r a t io n s .  
 
 
O n e  f in a l p o in t o n  th e  e f f e c tiv e n e s s  o f  th is  a lg o r ith m  is  g iv e n  by  th e  p e rf o r m a n c e  
m e tr ic s  o f  C P U  u s a g e  a n d  m e m o r y  u s a g e . T h e  r e s u lts  g iv e n  a bo v e  c o m p a rin g  th e  
p a r a lle l d is tr ibu te d  a n d  n a ïv e  p ro ble m  d e - c o m p o s itio n  a lg o r ith m s  a r e  m e a s u r e d  o v e r  
d iff e re n t to ta l g e n e r a tio n s  a n d  h e n c e  a  c o m p a r is o n  o f  to ta l C P U  tim e  is  m e a n in g le s s . 
H o w e v e r th e  v a lu e  o f  C P U  tim e  p e r  g e n e ra tio n  is  o f in te r e s t. D u e  to  th e  r e d u c e d  
p r o ble m  s iz e  o f  th e  p r o ble m  d e - c o m p o s itio n  a lg o r ith m , th e  a v e r a g e  C P U  tim e  p e r 
g e n e ra tio n  is  m u c h  lo w e r  th a n  th a t o f  th e  p a r a lle l d is tr ibu te d  a lg o r ith m  w o r k in g  o n  
th e  fu ll p r o ble m  s p a c e . O n  a v e ra g e  a  C P U  tim e  o f  1  s e c o n d  p e r  g e n e r a tio n  is  
r e q u ir e d  fo r  th e  n a ïv e  fo u r- w a y  d e c o m p o s itio n  a lg o r ith m . In  c o m p a ris o n , a n  a v e r a g e  
o f  a p p ro x im a te ly  1 0  s e c o n d s  C P U  tim e  p e r  g e n e r a tio n  is  re q u ire d  f o r th e  p a ra lle l 
d is tr ibu te d  a lg o r ith m . M e m o r y  u s a g e  p e r h o s t is  a ls o  s ig n if ic a n tly  le s s . O f c o u r s e , 
n e tw o r k  u s a g e  is  ir re le v a n t f o r th e  p ro ble m  d e c o m p o s itio n  a lg o rith m s , a s  th e y  d o  n o t 
p e r fo r m  in te r - h o s t m ig r a tio n  o r  c o m m u n ic a tio n . T h e  f u ll c o m p a r is o n  o f  C P U  a n d  
m e m o r y  u s a g e  c h a r a c te ris tic s  is  p r e s e n te d  in  f ig u r e  7 .7 .1 .2  a n d  7 .7 .1 .3 .  
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F ig u r e  7 .7 .1 .2 :   T h e  in t e g r a l m e m o r y  u s a g e  o f  t h e  s u b - p r o b le m  a n d  s u b - p o p u la t io n  a lg o r it h m s  
m e a s u r e d  in  g ig a b y t e s  p e r  s e c o n d .  
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F ig u r e  7 .7 .1 .3 :   T h e  C P U  t im e  m e a s u r e d  in  s e c o n d s  p e r  g e n e r a t io n  f o r  t h e  s u b - p r o b le m  a n d  t h e  
s u b - p o p u la t io n  a lg o r it h m s . 
 
7 .7 .2  C O N C E P T U A L  D E C O M P O S IT IO N  
T h e  p a r a lle l a lg o r ith m  ba s e d  o n  a  d e c o m p o s itio n  o f  th e  p r o ble m  in to  its  
c o n s titu e n t c o n c e p tu a l p a r ts  f o llo w s , by  c h a n c e , e s s e n tia lly  th e  s a m e  s tr u c tu r e  a s  th e  
n a ïv e  d e c o m p o s itio n . T h e  f u ll m e th o d  is  d e s c r ibe d  in  s e c tio n  6 .7  a n d  o n c e  a g a in  th e  
p r o ble m  is  bro k e n  in to  s e v e r a l s u b-in s ta n c e s . In  th is  c a s e  te n  s u c h  in s ta n c e s  o c c u r  
r a th e r  th a n  th e  fo u r  u s e d  in  th e  n a ïv e  d e c o m p o s itio n . T h e  n u m be r  o f s u b-p r o ble m s  is  
d e te r m in e d  by  th e  o p tim a l n u m be r  o f c lu s te r s  f o r  th e  d a ta s e t. 
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Q u a lity  o f  s o lu tio n  is  c o n s id e re d  f ir s t a n d  p r o d u c e s  th e  be s t r e s u lts  o f  a ll a lg o r ith m s  
c o n s id e r e d  th u s  f a r. D is c o v e re d  s o lu tio n s  a r e  o n  a v e ra g e  o n ly  s e v e r a l u n its  s h o r t o f  
th e  o p tim a l s o lu tio n  f o r  th e  p ro ble m , a f te r  o n ly  1 0 0  g e n e r a tio n s . T h e  a v e ra g e  q u a lity  
o f  th e  be s t s o lu tio n s  fo u n d  a f te r  1 0 0  g e n e r a tio n s  in  th e  c o n c e p tu a l d e c o m p o s itio n  a n d  
n a ïv e  d e c o m p o s itio n  a lg o rith m  a r e  p r e s e n te d  in  fig u r e  7 .7 .2 .1 . O n c e  a g a in , th e  
o p tim a l s o lu tio n  is  a ls o  p r e s e n te d  fo r c o m p a ris o n . A s  c a n  be  s e e n , th e  c o n c e p tu a l 
d e c o m p o s itio n  d is c o v e r s  re s u lts  th a t a re , in  p r a c tic a l te r m s , w ith in  s u c h  a  s m a ll 
v a r ia tio n  o f  th e  o p tim a l s o lu tio n  a s  to  be  c o n s id e r e d  e q u iv a le n t.1 9  
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F ig u r e  7 .7 .2 .1 :   A v e r a g e  b e s t s o lu t io n  o f  t h e  c o n c e p t u a l s u b - p r o b le m  a lg o r it h m  c o m p a r e d  t o  t h e  
n a ïv e  s u b - p r o b le m  a lg o r it h m  w it h  t h e  o p t im a l p r o b le m  s o lu t io n  f o r  c o m p a r is o n . 
 
C o n s id e rin g  p e rf o r m a n c e , th e  c o n c e p tu a l d e c o m p o s itio n  r e q u ir e s  le s s  tim e  p e r 
g e n e ra tio n  a s  e a c h  s u b-p r o ble m  is  s m a lle r. H o w e v e r th e r e  a r e  m o r e  s u b-p r o ble m s  
be in g  e x e c u te d  in  p a r a lle l a n d  h e n c e  th e  to ta l w a llc lo c k  tim e  re q u ire d  is  e s s e n tia lly  
e q u a l to  th e  n a ïv e  d e c o m p o s itio n . T h e  s a m e  is  tru e  o f  th e  m e m o r y  u s a g e . 
 
7 .7 .3  S U M M A R Y  
T h e  r e s u lts  o bs e rv e d  w ith in  th e  p r o ble m  d e c o m p o s itio n  a lg o rith m s  w e r e  a s  
a n tic ip a te d ; th is  p a r a lle l d e c o m p o s itio n  is  in d e e d  th e  m o s t e f fic ie n t r e g a r d s  a ll o f th e  
m e tr ic s . It h a s  th e  s h o r te s t ru n n in g  tim e  o f  a ll th e  p a r a lle l a lg o rith m s , u s e s  le s s  
m e m o r y , re q u ire s  a lm o s t n o  n e tw o r k  ba n d w id th  a n d  p r o d u c e s  c o n s is te n t r e s u lts  th a t 
a r e  c lo s e  to  o p tim a l. H o w e v e r th e r e  is  a  c a v e a t, th e  a lg o rith m  is  f a r f r o m  g e n e r a l. 
A lth o u g h  s ta n d a rd  m a c h in e  le a r n in g  a p p ro a c h e s  c a n  be  a p p lie d  to  fin d in g  a n  
a p p r o p ria te  n u m be r o f  c lu s te rs  ( H a m e r ly  &  E lk a n , 2 0 0 3 )  th e  a lg o r ith m  is  d e p e n d e n t 
o n  a  s tr u c tu r a l h e u r is tic . In  th e  c a s e  o f th e  C V R P  th is  is  th a t d e s tin a tio n s  w ith in  c lo s e  
                                                 
1 9  I n  f a c t, th is  d e c o m p o s itio n  o f  th e  p r o ble m  c a n  n e v e r  r e s u lt in  th e  o p tim a l s o lu tio n  fo r  th is  in s ta n c e , 
a s  th e  o p tim a l s o lu tio n  h a s  r o u te s  w ith  n o d e s  w h ic h  h a v e  be e n  s p r e a d  be tw e e n  s e p a r a te  c lu s te r s .  
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p r o x im ity  to  o n e  a n o th e r s h o u ld  be  s e r v ic e d  in  a  c o m m o n  r o u te . In d e e d , a  m a n u a l 
in s p e c tio n  o f  th e  d a ta  fo r  th e  p ro ble m  in s ta n c e  u s e d  s h o w s  a  h ig h ly  s tru c tu r e d  p a tte r n  
to  th e  d a ta . In  s h o rt, a lth o u g h  th is  a p p ro a c h  is  lik e ly  to  p ro d u c e  p r o m is in g  r e s u lts  o n  
o th e r in s ta n c e s  o f  th e  C V R P  a n d  s im ila r p r o ble m s , th e  in itia l c h o ic e  o f  m e th o d  fo r  
d e c o m p o s itio n  is  by  n o  m e a n s  tr iv ia l. It is  f a r  f ro m  o bv io u s  w h e th e r  th is  s ta g e  c a n  be  
a u to m a te d  o r  is  e v e n  p o s s ible  o n  g e n e r a l p r o ble m s . In  c o n tr a s t, th e  s u b-p o p u la tio n  
a p p r o a c h  is  a  g e n e r a l m e th o d  w h ic h  c a n  be  u s e d  w ith  a n y  p r o ble m  fo r  w h ic h  a  
g e n e tic  a lg o r ith m  is  a p p lic a ble . 
 
A s  a n  a s id e , th is  d e c o m p o s itio n  p r o v id e s  a n  e x a m p le  w h e re  th e  s e r ia l a lg o r ith m  is  a  
m o re  n a tu ra l c h o ic e  th a n  a  p a r a lle l v a r ia n t. T h e  s u b-p r o ble m s  th a t a r e  c r e a te d  a re  
s u f fic ie n tly  s m a ll th a t th e  s e ria l a lg o rith m  f in d s  n e a r- o p tim a l s o lu tio n s  w ith in  a  fe w  
g e n e ra tio n s . A lth o u g h  th e  p a r a lle l a lg o rith m  w o u ld  d u p lic a te  th is  r e s u lt, th e  
c o m p u ta tio n a l c o m p le x ity  o f  th e  a lg o r ith m  is  m u c h  g r e a te r . W ith in  th e  g lo ba l s c o p e  
o f  th e  a lg o rith m  h o w e v e r , th e  s e r ia l c o m p o n e n ts  a r e  in d e e d  e x e c u tin g  in  p a r a lle l o n  
s u b-p ro ble m s . It is  th e  a p p lic a tio n  o f  a  f u r th e r  la y e r  o f p a r a lle lis m  f o r  th e  s u b-
p r o ble m s  w h ic h  is  u n n e c e s s a r y  a n d  in  f a c t w a s te s  r e s o u rc e s . 
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8 . F U R T H E R  O B S E R V A T IO N S  A N D  E X P E R IM E N T A T IO N  
S e v e ra l c h a ra c te r is tic s  w e re  o bs e rv e d  w h ils t c o n d u c tin g  e x p e rim e n ts  w h ic h  w e r e  
n o t in itia lly  a n tic ip a te d , o r w e r e  m o re  p r o n o u n c e d  th a n  e x p e c te d . T h is  c h a p te r  d e ta ils  
th e  re s u lts  o f e x tr a  in v e s tig a tio n s  in to  th e s e  c h a r a c te r is tic s . In  p a rtic u la r, 
c o n s id e r a ble  in v e s tig a tio n  w a s  c o n d u c te d  in to  a n a ly s in g  th e  c o n v e r g e n c e  o f  th e  
a lg o r ith m  in  a n  e f fo r t to  d e te rm in e  its  c a u s e  a n d  e f f e c t o n  e x p e rim e n t r e s u lts .  
 
8 .1. C O N V E R G E N C E  
O bs e r v a tio n  o f th e  p e rf o r m a n c e  o f th e  a lg o r ith m  d u rin g  e x p e rim e n ta tio n  s e e m s  
to  in d ic a te  th a t it s u f fe r s  fr o m  p r e m a tu r e  c o n v e r g e n c e . T h a t is , m a n y  o f th e  
in d iv id u a ls  in  th e  p o p u la tio n  a r e  o f v e r y  s im ila r  g e n e tic  s tru c tu re . T h e  c o m p a ris o n  o f 
a v e ra g e  f itn e s s  w ith  th e  f itn e s s  o f th e  be s t in d iv id u a ls  f o u n d  in  e a c h  g e n e r a tio n  
w o u ld  s e e m  to  p re s e n t a  c o u n te r p o in t to  th is . T h e r e  is  a  s ig n ific a n t d iff e re n c e , 
s u g g e s tin g  g e n e tic  d iv e rs ity  is  s till p r e s e n t. H o w e v e r , a  c lo s e r e x a m in a tio n  o f  th e  
p o p u la tio n  re v e a ls  th is  to  be  a n  a r te f a c t o f  th e  f itn e s s  s c a lin g  a p p lie d  to  s o lu tio n s  
w h ic h  e x c e e d  th e  bo u n d s  o f th e  p ro ble m . A s  c a n  be  s e e n  f ro m  th e  e x c e rp t o f  a  
g e n e ra tio n  2 0 0  p o p u la tio n  in  fig u r e  8 .1 .1 , th e re  is  a  d iv is io n  o f  th e  p o p u la tio n  in to  
tw o  c la s s e s . T h e s e  tw o  c la s s e s  a r e  m a d e  u p  o f th o s e  s o lu tio n s  w h ic h  a re  w ith in  th e  
p r o ble m  bo u n d s  a n d  th o s e  w h ic h  a r e  n o t. E a c h  c la s s  h a s  c o n v e r g e d . T o  f u r th e r  
h ig h lig h t th is  f a c t, th e  fitn e s s  p e n a lty  a p p lie d  to  th e  s o lu tio n s  e x c e e d in g  th e  p ro ble m  
bo u n d  is  re m o v e d . It c a n  th e n  be  s e e n  th a t th e  p o p u la tio n  is  c o lla p s e d  in to  a  s in g le  
c la s s , w h e r e  fu ll c o n v e r g e n c e  o c c u r s . T h e  p o p u la tio n  s a m p le  p r e s e n te d  in  f ig u re  
8 .1 .2  d e m o n s tr a te s  th is . R e g a rd le s s , c o n v e r g e n c e  c a n  be  s e e n  in  bo th  p o p u la tio n s  a n d  
s im ila r  re s u lts  w e r e  o bta in e d  fr o m  f u r th e r  e x p e rim e n ts .  
 
T o  e n s u r e  th a t th is  c h a r a c te r is tic  w a s  e m e r g in g  d u rin g  e x e c u tio n  r a th e r th a n  be in g  
p r e s e n t fr o m  in itia l p o p u la tio n  c o n s tr u c tio n , th e  p o p u la tio n s  o f e a r lie r g e n e r a tio n s  
w e r e  a ls o  s a m p le d . A n  e x c e r p t f ro m  o n e  s u c h  g e n e r a tio n  is  p r e s e n te d  in  f ig u re  8 .1 .3 . 
A s  c a n  be  s e e n  th e  le v e l o f  c o n v e r g e n c e  in  th is  p o p u la tio n  is  m u c h  lo w e r , 
c h a ra c te ris e d  by  th e  d iv e rs ity  o f  v a lu e s  fo r  e a c h  a lle le 2 0 .  
 
F in a lly , to  c o n f ir m  th e  p r e s e n c e  o f  p re m a tu r e  c o n v e r g e n c e , te s ts  o f  la te r  g e n e r a tio n s  
w e r e  r u n  to  c o n f ir m  th a t th e  le v e l o f g e n e tic  s im ila r ity  is  in c r e a s e d . A n  e x c e r p t f ro m  
o n e  s u c h  te s t is  g iv e n  in  f ig u r e  8 .1 .4 . T h is  d e m o n s tr a te s  th a t by  th e  4 0 0 th  g e n e r a tio n , 
                                                 
2 0  A n  a lle le  is  a n y  o f th e  a lte r n a tiv e  fo r m s  o f a  g e n e  th a t m a y  o c c u r  a t a  g iv e n  g e n e  lo c u s  
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th e  le v e l o f  c o n v e r g e n c e  h a d  in c r e a s e d  o v e r  th a t f r o m  th e  2 0 0 th  g e n e r a tio n . S o m e  
a lle le s  e v e n  c o n ta in  th e  s a m e  g e n e  f o r e v e r y  c h ro m o s o m e  in  th e  p o p u la tio n . 
 
In  s u m m a r y , th is  e x p e r im e n t p r o v e d  th a t th e  in itia l p o p u la tio n  o f  th e  g e n e tic  
a lg o r ith m  c o n ta in e d  s u f f ic ie n t r a n d o m n e s s  to  g iv e  ris e  to  g e n e tic  d iv e r s ity  bu t th a t a s  
th e  a lg o r ith m  p r o g r e s s e d , th is  d iv e r s ity  w a s  be in g  f u r th e r  a n d  fu r th e r  d e g r a d e d . S u c h  
a  r e s u lt e x p la in s  th e  o bs e r v e d  te n d e n c y  o f th e  a lg o r ith m  fo r  r a p id  e a rly  im p r o v e m e n t 
in  fitn e s s  bu t little  o r  n o  im p r o v e m e n t a s  th e  n u m be r  o f g e n e r a tio n s  p r o g r e s s e d . It is  
lik e ly  th a t n e w  s o lu tio n s  f o u n d  in  la te r  g e n e ra tio n s  a r e  p r e d o m in a n tly  th e  r e s u lt o f  
th e  m u ta tio n  o p e ra tio n . 
 
 
Chromosome Fitness21 Gene Sample – Gene (Position) 
1 3761 101(0) 59(1) 65(2) 35(3) 45(4)  41(5)  
2 3773 69(0)  6(1)  71(2) 75(3) 100(4) 41(5)  
3 3808 69(0)  6(1)  71(2) 75(3) 100(4) 41(5)  
4 3840 69(0)  6(1)  71(2) 75(3) 100(4) 41(5)  
5 3859 69(0)  79(1) 71(2) 14(3) 16(4)  41(5)  
6 3864 69(0)  6(1)  71(2) 10(3) 33(4)  41(5)  
7 3870 59(0)  65(1) 13(2) 25(3) 71(4)  73(5)  
8 3873 6(0)   69(1) 71(2) 92(3) 19(4)  41(5)  
9 3889 69(0)  6(1)  19(2) 35(3) 33(4)  41(5)  
10 3895 26(0)  50(1) 64(2) 99(3) 29(4)  33(5) 
... ... ... 
52 4472 26(0) 33(1) 13(2) 54(3) 41(4) 69(5) 
53 16992 43(94) 61(95) 55(96) 65(97) 54(98) 72(99) 
... ... ... 
90 20346 58(94) 61(95) 55(96) 65(97) 100(98) 46(99)  
91 20430 43(94) 61(95) 55(96) 65(97) 54(98)  72(99)  
92 20623 43(94) 61(95) 55(96) 65(97) 54(98)  72(99) 
93 20679 69(94) 5(95)  55(96) 76(97) 54(98)  43(99)  
94 20682 43(94) 61(95) 2(96)  65(97) 54(98)  58(99)  
95 20744 43(94) 61(95) 55(96) 65(97) 54(98)  72(99)  
96 21016 69(94) 61(95) 90(96) 65(97) 54(98)  41(99)  
97 21339 43(94) 61(95) 55(96) 65(97) 54(98)  72(99)  
98 21418 43(94) 61(95) 55(96) 91(97) 54(98)  72(99)  
99 21545 69(94) 5(95)  55(96) 76(97) 54(98)  57(99) 
F ig u r e  8 .1 .1 :   E x c e p t  f r o m  t h e  f u ll r e c o r d  o f  a  g e n e r a t io n  2 0 0  p o p u la t io n  w it h  f it n e s s  p e n a lt y  f o r  
e x c e e d in g  t h e  p r o b le m  b o u n d s . 
 
 
                                                 
2 1  T h e  d if fe r e n c e  in  fitn e s s  v a lu e s  be tw e e n  th e  tw o  p o p u la tio n s  ( w h ic h  a r e  bo th  fr o m  th e  2 0 0 th  
g e n e r a tio n )  is  d u e  to  th e  r e m o v a l o f  th e  s c a lin g  fa c to r , w h ic h  in c r e a s e s  th e  a v e r a g e  fitn e s s  o f s o lu tio n s  
w ith in  th e  p r o ble m  s p a c e , e s s e n tia lly  s im p lif y in g  th e  p r o ble m . 
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Chromosome Fitness Gene Sample – Gene (Position) 
1 1976 100(0) 10(1) 4(2)  6(3)  25(4) 48(5)  
2 2031 100(0) 10(1) 22(2) 25(3) 24(4) 65(5)  
3 2073 73(0)  10(1) 4(2)  6(3)  25(4) 48(5) 
... ... ... 
97 2558 93(94) 96(95) 99(96) 89(97)  83(98)  88(99)  
98 2622 93(94) 96(95) 99(96) 100(97) 83(98)  88(99)  
99 2628 90(94) 96(95) 99(96) 100(97) 83(98)  88(99) 
F ig u r e  8 .1 .2 :   E x c e p t  f r o m  t h e  f u ll r e c o r d  o f  a  g e n e r a t io n  2 0 0  p o p u la t io n  w it h  n o  f itn e s s  p e n a lt y  
f o r  e x c e e d in g  t h e  p r o b le m  b o u n d s . 
 
 
Chromosome Fitness Gene Sample – Gene (Position) 
1 4334 39(0) 71(1) 65(2) 40(3) 94(4) 14(5) 
2 4456 89(0) 93(1) 7(2)  38(3) 67(4) 65(5) 
3 4506 89(0) 50(1) 53(2) 39(3) 56(4) 61(5) 
4 4556 66(0) 17(1) 19(2) 43(3) 39(4) 73(5) 
5 4563 33(0) 18(1) 90(2) 4(3)  23(4) 79(5) 
F ig u r e  8 .1 .3 :   E x c e r p t  f r o m  a  g e n e r a t io n  1  p o p u la t io n  
 
 
Chromosome Fitness Gene Sample – Gene (Position) 
1 3341 59(94) 55(95) 71(96) 77(97) 78(98) 97(99) 
2 3429 59(94) 55(95) 72(96) 77(97) 78(98) 91(99) 
3 3462 59(94) 55(95) 72(96) 77(97) 78(98) 15(99) 
4 3486 59(94) 55(95) 71(96) 77(97) 78(98) 97(99) 
5 3488 59(94) 55(95) 72(96) 77(97) 8(98)  76(99) 
F ig u r e  8 .1 .4 :   E x c e r p t  f r o m  a  g e n e r a t io n  4 0 0  p o p u la t io n  
 
8 .2 . P A R A L L E L  W O R K  D U P L IC A T IO N  
It is  a p p a r e n t f r o m  th e  re s u lts  o bta in e d  d u rin g  th e  in v e s tig a tio n  o f th e  p a ra lle l 
a lg o r ith m s  th a t m u c h  o f  th e  e x tra  c o m p u ta tio n a l p o w e r is  n o t be in g  e f f e c tiv e ly  u s e d . 
A lth o u g h  th e  a m o u n t o f  c o m p u ta tio n  is  s ig n if ic a n tly  in c r e a s e d , th e  q u a lity  o f 
s o lu tio n  a n d  n u m be r  o f g e n e ra tio n s  r e q u ir e d  to  r e a c h  re s u lts  s im ila r  to  th e  s e r ia l 
a lg o r ith m  is  n o t im p r o v e d . A  c lo s e r  e x p lo r a tio n  o f th e  c o m p u ta tio n  be in g  u n d e r ta k e n  
d u r in g  th e  p a ra lle l a lg o r ith m  w a s  m a d e  in  a n  a tte m p t to  id e n tif y  w h e r e  th is  e x tr a  
c o m p u ta tio n a l p o w e r w a s  be in g  lo s t. S e v e r a l e x c e rp ts  fr o m  th e  f u ll s e t o f  r e s u lts  a re  
p r e s e n te d  in  f ig u r e  8 .2 .1 . It c a n  be  s e e n  th a t d u r in g  th e  g iv e n  g e n e r a tio n , th e  p a r a lle l 
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is la n d s  c o n ta in  m e m be r s  w ith  v e r y  s im ila r g e n e s  in  th e  9 9 th  p o s itio n . A s  w ith  th e  
r e s u lts  p r e s e n te d  in  s e c tio n  8 .1 , th is  tre n d  w a s  a p p a r e n t f o r a ll a lle le s  w ith in  th e  
c h r o m o s o m e s  a n d  in c r e a s e d  w ith  g e n e r a tio n . T h e  e x p e rim e n t w a s  c o n d u c te d  s e v e r a l 
tim e s  a n d  th e  re s u lts  w e r e  s im ila r to  th o s e  p r e s e n te d  in  f ig u re  8 .2 .1 . F r o m  th e s e  
r e s u lts , it is  a p p a re n t th a t e a c h  is la n d  is  c o n c u r r e n tly  e x p lo r in g  th e  s a m e  s e c tio n  o f  
th e  p ro ble m  s p a c e  a n d  th u s  d u p lic a tin g  th e  w o rk  o f o th e r is la n d s . In  a d d itio n , e a c h  
is la n d  e x h ibits  th e  c o n v e rg e n c e  c h a ra c te r is tic s  o bs e rv e d  in  s e c tio n  8 .1  f o r  th e  s e ria l 
a lg o r ith m . 
 
It is  h ig h ly  lik e ly  th a t th is  d u p lic a tio n  o f  w o r k  w ith in  th e  p a r a lle l a lg o rith m  c a n  be  
a ttr ibu te d  to  th e  c o n v e r g e n c e  c h a r a c te r is tic s  o f  th e  s e ria l a lg o rith m  a n d  th e  m ig ra tio n  
s c h e m e . T h e  s c h e m e  e m p lo y e d  h e re in  w a s  f itn e s s  ba s e d  m ig r a tio n . T h e  is la n d s  
c o n v e r g e  to  a  p o in t in  th e  s e a r c h  s p a c e  a n d  th e  e x c h a n g e  o f  h ig h  s c o r in g  in d iv id u a ls  
be tw e e n  th e  is la n d s  d ir e c ts  a ll is la n d s  to  a  s im ila r  p a r t o f th e  p ro ble m  s p a c e . 
M o d ific a tio n  o f th e  m ig r a tio n  s c h e m e  to  e x p lo re  d iff e re n t te c h n iq u e s  a n d  a  f u rth e r 
in v e s tig a tio n  in to  e lim in a tin g  p re m a tu r e  c o n v e r g e n c e  fr o m  th e  s e ria l a lg o rith m  
w o u ld  be  n e c e s s a r y  to  f u lly  e x p lo re  th is  h y p o th e s is  a n d  p o s s ibly  im p r o v e  
p e r fo r m a n c e . 
 
Chromosome Island 1  
Gene Value (Position) 
Island 2 
Gene Value (Position) 
1 57(99) 57(99) 
2 57(99) 71(99) 
3 57(99) 57(99) 
4 27(99) 71(99) 
5 27(99) 57(99) 
6 27(99) 57(99) 
7 57(99) 57(99) 
8 57(99) 27(99) 
9 27(99) 57(99) 
10 27(99) 27(99) 
11 27(99) 27(99) 
12 27(99) 27(99) 
13 27(99) 57(99) 
14 27(99) 57(99) 
15 57(99) 57(99) 
16 27(99) 27(99) 
17 27(99) 57(99) 
18 66(99) 57(99) 
19 57(99) 57(99) 
20 57(99) 71(99) 
F ig u r e  8 .2 .1 :   E x a m p le s  o f  t h e  o b s e r v e d  v a lu e s  f o r  t h e  9 9 t h  a lle le  in  t w o  is la n d s  o f  a  p a r a lle l 
d is t r ib u t e d  g e n e t ic  a lg o r it h m . N o t e  t h e  s im ila r  g e n e  v a lu e s  n o t  o n ly  w it h in  e a c h  
is la n d  b u t  b e t w e e n  t h e  is la n d s  a ls o . 
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8 .3 . O B J E C T IV E  C O N V E R G E N C E  M E A S U R E M E N T  
8 .3 .1 S P E C IF IC A T IO N  
It is  c le a r f r o m  th e  a bo v e  r e s u lts  a n d  o bs e r v a tio n s  th a t a n  o bje c tiv e  m e a s u re  f o r  
c o n v e r g e n c e  w a s  n e e d e d . W ith in  th is  e x p e r im e n t, a  n e w  m e tr ic  is  in tr o d u c e d  to  
a llo w  th e  m e a s u r e m e n t o f c o n v e r g e n c e , a u to m a tic a lly  a n d  o bje c tiv e ly , s u c h  th a t 
c o m p a r is o n  o f  g e n e tic  d iv e r s ity  w ith in  g e n e ra tio n s  c a n  be  m a d e . 
 
T h e  m e tr ic  is  ba s e d  h e a v ily  u p o n  a  s tr in g  d if f e r e n c e  a p p r o a c h . E a c h  in d iv id u a l is  
r e p re s e n te d  by  tw o  c h r o m o s o m e s , e a c h  o f  w h ic h  c a n  be  e x p r e s s e d  a s  a  s tr in g  o f  
g e n e s  w ith  in te g e r  v a lu e s . A  m e a s u r e  o f  th e  d iff e r e n c e  be tw e e n  tw o  m e m be rs  o f  a  
p o p u la tio n  is  th e n  s im p ly  th e  s trin g  d if f e re n c e  be tw e e n  th e  c h ro m o s o m e s  th a t it 
a g g r e g a te s  a n d  th o s e  a g g re g a te d  by  th e  m e m be r to  be  c o m p a r e d  a g a in s t. T h e  
d iff e re n c e  a lg o rith m  u s e d  is  th e  L e v e n s h te in  D is ta n c e  ( L e v e n s h te in , 1 9 6 5 ) , th e  
s p e c if ic s  o f  w h ic h  h a v e  be e n  o m itte d  h e r e . 
 
N o w  h a v in g  a  m e a s u r e  f o r th e  d if f e re n c e  be tw e e n  tw o  m e m be r s  o f a  p o p u la tio n , th e  
c o n c e p t c a n  be  s c a le d  to  p ro v id e  a  m e a s u re  o f  d is ta n c e  w ith in  th e  p o p u la tio n  a s  a  
w h o le . T h e  a lg o r ith m  fo r  d o in g  s o  h a s  th e  fo llo w in g  s tru c tu re : 
 
1 . F o r  e v e r y  m e m be r , c o m p u te  th e  d is ta n c e  to  e v e r y  o th e r  m e m be r w ith in  th e  
p o p u la tio n  fo r  w h ic h  th e  d if fe r e n c e  be tw e e n  th e  tw o  h a s  n o t a lr e a d y  be e n  
c o m p u te d .  
2 . F in d  th e  a v e r a g e  d is ta n c e  o f  a ll th e s e  v a lu e s  a n d  ta k e  th is  a s  th e  a v e r a g e  
d is ta n c e  fr o m  th is  m e m be r  to  th e  r e s t o f th e  p o p u la tio n .  
3 . F in d  th e  a v e r a g e  o f  th e  d is ta n c e s  c o m p u te d  fo r  a ll m e m be r s  a n d  ta k e  th is  a s  
th e  m e a s u re  o f  g e n e tic  d iv e r s ity  w ith in  th e  p o p u la tio n .  
a . L a r g e  v a lu e s  re p r e s e n t h ig h  d iv e r s ity , s m a ll v a lu e s  r e p re s e n t lo w  
d iv e rs ity . 
 
T h e  m a jo r  d ra w ba c k  to  th is  a p p r o a c h  is  th e  c o m p u ta tio n a l c o m p le x ity . T h e  
c o m p a r is o n  o f  a ll in d iv id u a ls  to  a ll o th e r  in d iv id u a ls  h a s  a  w o r s t- c a s e  r u n n in g  tim e  
( ) . T h e  c o m p a r is o n  o p e r a tio n  h a s  () , th e r e f o re  th e  a lg o r ith m  in  g e n e ra l h a s  
(!) , w h e r e   is  th e  n u m be r o f  in d iv id u a ls  fo r  c o m p a r is o n  a n d   is  th e ir  le n g th . If  
th e  m e tric  is  to  be  m e a s u re d  f o r e v e r y  g e n e r a tio n , th e  c o m p le x ity  be c o m e s  (!)  
w h e r e   is  th e  n u m be r o f  g e n e ra tio n s . It is  fo r  th is  r e a s o n  th a t th e  a p p lic a tio n  o f th e  
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a lg o r ith m  to  o bta in  e x p e r im e n ta l r e s u lts  w a s  lim ite d  to  g e n e r a lis e d  c a s e s . 
A p p lic a tio n  to  a ll v a r ia n ts  o f th e  g e n e tic  a lg o rith m s  to  d e te rm in e  th e ir  e f fe c t o n  
g e n e tic  d iv e r s ity  w o u ld  h a v e  be e n  to o  c o m p u ta tio n a lly  e x p e n s iv e . T h is  m e tric  w a s  
m e a s u r e d  fo r  bo th  th e  s e r ia l a n d  d is tr ibu te d  p a ra lle l a lg o r ith m s  w ith o u t a n y  h e u r is tic  
m o d if ic a tio n ; m e a s u r e m e n ts  w e re  m a d e  e v e r y  te n  g e n e r a tio n s  to  r e d u c e  r u n  tim e . 
 
8 .3 .2  R E S U L T S  
T h e  r e s u lts  o f  m e a s u r in g  th e  g e n e tic  d iv e rs ity  o f  th e  s e r ia l a lg o r ith m  c o n f ir m e d  
th e  o bs e r v e d  tr e n d s  in  g e n e tic  d iv e r s ity  m a d e  in  s e c tio n s  8 .1  a n d  8 .2 . It is  c le a r f r o m  
th e  g r a p h  p r e s e n te d  in  f ig u re  8 .3 .2 .1  th a t a  r e d u c tio n  in  g e n e tic  d iv e r s ity  o c c u rs  a s  
th e  a lg o r ith m  p r o g r e s s e s . T h e  v a lu e  f o u n d  fo r  g e n e ra tio n  0  r e p r e s e n ts  a n  in itia l 
d iv e rs ity  o f  a  ra n d o m ly  g e n e r a te d  p o p u la tio n . A  r e d u c tio n  fr o m  th is  in itia l le v e l to  
th e  n e x t r e a d in g  a t g e n e r a tio n  1 0  is  e x p e c te d  d u e  to  th e  f o c u s s in g  o f th e  s e a rc h . 
H o w e v e r, th e  re s u lt o f  in te r e s t is  th e  g e n e r a l d e c lin a tio n  o f  g e n e tic  d iv e r s ity  o v e r th e  
c o u r s e  o f  th e  1 0 0  g e n e r a tio n s  fo r  w h ic h  it w a s  m e a s u r e d . In  f a c t, th e  d e c r e a s e  is  n o t 
a s  p ro n o u n c e d  a s  e x p e c te d  a n d  in d e e d  th e r e  is  n o  p o in t o f r e fe r e n c e  fr o m  w h ic h  to  
ba s e  a n  a s s e rtio n  a s  to  w h e th e r s u c h  le v e ls  o f g e n e tic  d iv e r s ity  a re  g o o d  o r  ba d . 
R a th e r, w h a t th is  r e s u lt p ro v id e s  is  a  p o in t f ro m  w h ic h  to  ju d g e  th e  e f f e c t o f 
p a r a lle lis in g  th e  a lg o rith m  o n  g e n e tic  d iv e r s ity  w ith in  th e  p o p u la tio n . 
 
A s  a n  a s id e , it is  u s e f u l a t th is  p o in t to  c o n s id e r  th e  g ra n u la rity  o f  th is  m e a s u r e . 
D e s p ite  a  r e a s o n a ble  m e a s u re  f o r g e n e r a l g e n e tic  d iv e rs ity , a  lo s s  o f  d iv e r s ity  p e r 
a lle le  c a n  s till o c c u r w ith o u t n e c e s s a rily  lo w e r in g  th e  o v e r a ll p o p u la tio n  d iv e rs ity . 
T h is  is  th e  s itu a tio n  th a t is  p re s e n te d  by  th e  a n a ly s is  in  s e c tio n  8 .1 .  
 
A p p ly in g  th e  s a m e  m e a s u r e  to  th e  d is tribu te d  p a r a lle l a lg o rith m  d e m o n s tr a te s  a  m o r e  
c o n s id e r a ble  lo s s  in  g e n e tic  d iv e r s ity  o v e r th e  c o u rs e  o f 1 0 0  g e n e r a tio n s . T h e  g ra p h  
s h o w s  a n  in itia l g e n e tic  d iv e r s ity  s im ila r  to  th e  s e ria l a lg o rith m , bu t a  m o r e  d ra m a tic  
d e g r a d a tio n . T h e  in c r e a s e d  lo s s  o f  d iv e r s ity  in  th e  p a ra lle l a lg o r ith m  c a n  be  a ttr ibu te d  
to  th e  a d d e d  s e le c tiv e  p re s s u r e  g e n e r a te d  by  th e  m ig r a tio n  s c h e m e . 
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G e n e tic  D iv e r s ity
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F ig u r e  8 .3 .2 .1 :   T h e  g e n e t ic  d iv e r s it y  m e a s u r e d  p e r io d ic a lly  o v e r  1 0 0  g e n e r a t io n s  w ith in  t h e  
s e r ia l a lg o r it h m  in  t e r m s  o f  a v e r a g e  n u m b e r  o f  o p e r a t io n s  r e q u ir e d  t o  
t r a n s f o r m  a  m e m b e r  in t o  a n y  o t h e r  m e m b e r . 
 
G e n e tic  D iv e r s ity
0
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F ig u r e  8 .3 .2 .2 :   T h e  g e n e t ic  d iv e r s it y  m e a s u r e d  p e r io d ic a lly  o v e r  1 0 0  g e n e r a t io n s  w ith in  t h e  
d is t r ib u t e d  p a r a lle l a lg o r it h m  in  t e r m s  o f  a v e r a g e  n u m b e r  o f  o p e r a t io n s  
r e q u ir e d  t o  t r a n s f o r m  a  m e m b e r  in t o  a n y  o t h e r  m e m b e r . 
 
 
8 .3 .3  D IS C U S S IO N  
T h e  m o s t r e le v a n t c o n c lu s io n  to  d ra w  fr o m  th is  e x p e r im e n t, in  c o n ju n c tio n  w ith  
th e  o th e r  a n a ly s e s  o f  c o n v e r g e n c e  g iv e n  th r o u g h o u t c h a p te r  8 , is  th a t p a r a lle l g e n e tic  
a lg o r ith m s  d o  n o t n e c e s s a r ily  im p r o v e  c o n v e r g e n c e . T h is  c a n  be  s e e n  by  c o m p a r in g  
th e  tw o  g ra p h s  in  f ig u re s  8 .3 .2 .1  a n d  8 .3 .2 .2 . In  s e c tio n  3 .4  p a r a lle l a lg o r ith m s  w e r e  
d is c u s s e d  a s  a  w a y  to  im p r o v e  p re m a tu r e  c o n v e r g e n c e . T h e  c la im  c le a rly  n e e d s  to  be  
q u a lif ie d  by  s ta tin g  th a t im p ro v e m e n t, if a n y , is  d e p e n d e n t o n  th e  m e c h a n is m  o f  
p a r a lle lis a tio n . F in a lly , th e  is s u e  o f w h e th e r  th e  le v e l o f  g e n e tic  d iv e rs ity  w ith in  
th e s e  a lg o rith m s  is  s u f fic ie n t is  a n  o p e n  q u e s tio n . T h is  is  tie d  to  th e  c r u c ia l is s u e  o f 
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e x p lo ita tio n  v e rs u s  e x p lo r a tio n  th a t w a s  p re s e n te d  in  s e c tio n  3 .3 . In d e e d , th is  is  a  
f u n d a m e n ta l is s u e  in  m o s t a ll fo r m s  o f  a rtif ic ia l in te llig e n c e  a n d  lif e . G iv e n  a  m o re  
th o ro u g h  e x p lo r a tio n  o f th e  p ro ble m  in s ta n c e  th is  q u e s tio n  c o u ld  p o s s ibly  be  
a n s w e r e d  in  a  v e r y  re s tr ic te d  d o m a in . T h is  is  d e fin ite ly  be y o n d  th e  s c o p e  o f th is  
w o rk  h o w e v e r  a n d  w o u ld  r e s u lt in  little  u s e f u l in f o rm a tio n . H e n c e  s u c h  a n  a n a ly s is  
h a s  be e n  o m itte d . 
 
8 .4 . E X P A N D E D  C L U S T E R  S IZ E  
8 .4 .1 E X P E R IM E N T   
 
W ith in  s e c tio n  7 .5 , th e  p e r f o rm a n c e  o f th e  p a r a lle l d is tribu te d  g e n e tic  a lg o r ith m  
w a s  e x a m in e d  w ith in  a  v a r y in g  c lu s te r s iz e . It w a s  n o te d  th a t a  c lu s te r s iz e  o f f o u r 
h o s ts  r e s u lte d  in  p e r fo r m a n c e  th a t w a s  n o t in  k e e p in g  w ith  th e  tr e n d s  o bs e r v e d  o v e r 
s m a lle r  c lu s te r s iz e s . T h e  e x p la n a tio n  p ro v id e d  w a s  th a t o f  e x tr a  lo a d  u p o n  th e  
m a s te r m a c h in e  d u e  to  a  n e e d  f o r it to  p e r fo r m  a s  bo th  a  s e r v e r a n d  o n e  o f  th e  G A  
is la n d s . W ith in  th is  e x p e r im e n t th e  c lu s te r  s iz e  is  f u r th e r  in c r e a s e d  by  tw o  m a c h in e s , 
g iv in g  th e  p o te n tia l to  r u n  a  fo u r  h o s t c lu s te r  w ith o u t s u c h  in te rf e r e n c e . In  a d d itio n , 
e x p e r im e n ts  c a n  be  c o n d u c te d  w ith  5  h o s ts  to  f u rth e r s u p p o r t th e  r e s u lts  o bta in e d  in  
s e c tio n  7 .5 . 
 
8 .4 .2  R E S U L T S  
T h e  f ir s t r e s u lt o f in te r e s t is  th e  q u a lity  o f  s o lu tio n s  f o u n d  w ith in  th e  v a r io u s  
c lu s te r s iz e s . W ith o u t th e  in f lu e n c e  o f th e  h e a v ily  lo a d e d  4 th  h o s t, th e  r e s u lts  fo r  th e  
f o u r h o s t c lu s te r  a r e  m o r e  in d ic a tiv e  o f  o bs e rv e d  tr e n d s . A s  c a n  be  s e e n  w ith in  fig u r e  
8 .4 .2 .1 , th e  fitn e s s  o f s o lu tio n s  c o n tin u e s  to  im p r o v e  a s  th e  c lu s te r  s iz e  is  e x p a n d e d . 
H o w e v e r, im p ro v e m e n ts  a re  r e la tiv e ly  s m a ll be y o n d  th e  tw o  h o s t c lu s te r. A s  h a s  
be e n  a d d r e s s e d  e a r lie r , th is  is  d u e  to  th e  la c k  o f  g e n e tic  d iv e r s ity  a c r o s s  th e  is la n d s . 
T h is  fu r th e r  s u p p o rts  th e  a r g u m e n t th a t little  a d v a n ta g e  c a n  be  g a in e d  fr o m  
c o n tin u o u s ly  in c r e a s in g  th e  c lu s te r s iz e  if  th e  f u n d a m e n ta l is s u e  o f  c o n v e r g e n c e  a n d  
g e n e tic  d iv e r s ity  is  n o t a d d re s s e d . 
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B e s t S o lu tio n  F o u n d  (a fte r 10 0  g e n e r a tio n s )
2 2 5 0
2 3 0 0
2 3 5 0
2 4 0 0
2 4 5 0
2 5 0 0
2 5 5 0
2 6 0 0
1 2 3 4 5
C lu s te r  S iz e
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F ig u r e  8 .4 .2 .1 :   T h e  e f f e c t  o f  in c r e a s e d  c lu s t e r  s iz e  o n  s o lu t io n  q u a lit y  w it h in  t h e  d is t r ib u t e d  
p a r a lle l g e n e t ic  a lg o r it h m . 
 
O f in te r e s t a ls o  is  th e  w a llc lo c k  tim e , s h o w n  in  f ig u r e  8 .4 .2 .2 , o f th e  a lg o r ith m  a s  th e  
c lu s te r s iz e  in c r e a s e s . In tu itiv e ly , th e  re q u ire d  to ta l w a llc lo c k  tim e  in c re a s e s  w ith  th e  
c lu s te r s iz e  d u e  to  a m p lifie d  w a it tim e  fo r  IO  a s  th e  s e rv e r  be c o m e s  m o r e  h e a v ily  
lo a d e d . T h is  is  ba c k e d  u p  by  th e  f a c t th a t C P U  tim e  re m a in s  r e la tiv e ly  c o n s ta n t, 
a lth o u g h  th e  g r a p h  is  o m itte d  h e r e  d u e  to  s im p lic ity . 
 
W a llc lo c k  T im e
2 0 5
2 1 0
2 1 5
2 2 0
2 2 5
2 3 0
2 3 5
2 4 0
1 2 3 4 5
C lu s te r  S iz e
T
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e 
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F ig u r e  8 .4 .2 .2 :   T h e  e f f e c t  o f  in c r e a s e d  c lu s t e r  s iz e  o n  w a llc lo c k  t im e  w it h in  t h e  d is t r ib u t e d  
p a r a lle l g e n e t ic  a lg o r it h m .  
 
N e tw o r k  u s a g e  a ls o  in c r e a s e s  a s  e x p e c te d , d e m o n s tra tin g  a n  a lm o s t lin e a r  
r e la tio n s h ip  w ith  c lu s te r s iz e . T h e re  is  h o w e v e r a n o th e r a ttr ibu te  in flu e n c in g  n e tw o r k  
u s a g e  w h ic h  is  r e la te d  to  th e  c lu s te r  s iz e . W ith  a  la r g e r c lu s te r  s iz e , th e r e  is  a n  
in c re a s e d  w a it tim e  fo r  s e rv e r  a c c e s s . T h u s , th e  m e a s u r e  o f  n e tw o r k  u s a g e  o v e r a  
tim e  p e rio d  is  le s s  th a n  it w o u ld  o th e r w is e  h a v e  be e n . T h is  c a n  be  o bs e rv e d  in  th e  
g r a p h  by  n o tin g  th a t th e  in c re a s e  in  n e tw o r k  u s a g e  p e r  s e c o n d  be tw e e n  c lu s te r s iz e s  
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d e c re a s e s  a s  th e  c lu s te r  s iz e  in c re a s e s . H o w e v e r , if  th e  IO  blo c k in g  c o u ld  be  
e lim in a te d , th e  r e la tio n s h ip  w o u ld  be  lin e a r . 
 
N e tw o r k  U s a g e
0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
7 0 0
1 2 3 4 5
C lu s t e r  S iz e
K
B
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s/
s
 
F ig u r e  8 .4 .2 .3 :   T h e  e f f e c t  o f  in c r e a s e d  c lu s t e r  s iz e  o n  n e t w o r k  u s a g e  w it h in  t h e  d is t r ib u t e d  
p a r a lle l g e n e t ic  a lg o r it h m . 
 
T h e s e  e x p e rim e n ts  h a v e  d e m o n s tr a te d  th a t th e  o bs e r v e d  d is c r e p a n c y  in  th e  
p e r fo r m a n c e  o f  th e  f o u r h o s t c lu s te r w a s  s im p ly  a n  a ttribu te  o f  in c r e a s e d  h o s t lo a d . 
F u r th e r m o re , th e  o bs e r v e d  tr e n d s  w ith in  th e  o n e , tw o  a n d  th r e e  h o s t c lu s te r s  a r e  
e x te n s ible  to  th e  la rg e r  c lu s te rs . F in a lly , p e r f o rm a n c e  d o e s  n o t g r e a tly  im p ro v e  a s  a  
r e s u lt o f in c re a s in g  th e  c lu s te r s iz e  w ith in  th e  d is tribu te d  p a r a lle l a lg o rith m  d u e  to  
p o o r  g e n e tic  d iv e r s ity  be tw e e n  a n d  w ith in  is la n d s . T h e s e  r e s u lts  s u g g e s t th a t 
a rbitra r ily  in c r e a s in g  c lu s te r  s iz e  w ith o u t a d d re s s in g  th is  is s u e  w ill y ie ld  little  o r  n o  
im p r o v e m e n t. 
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9 . D IS C U S S IO N  
H a v in g  n o w  p r e s e n te d  th e  e x p e r im e n ts , e x p e c ta tio n s , a n d  r e s u lts  a im e d  a t 
p r o v in g  o r  d is p r o v in g  th e  h y p o th e s is , th e  o bs e rv a tio n s  c a n  be  d r a w n  to g e th e r to  fo r m  
a  r e a s o n e d  a r g u m e n t a im e d  a t a d d r e s s in g  th is  is s u e . F irs t, h o w e v e r , a  re s ta te m e n t o f 
th e  h y p o th e s is  is  g iv e n . B r o a d ly  s p e a k in g , th e  h y p o th e s is  is  th a t th e  p a r a lle l 
im p le m e n ta tio n  o f a  g e n e tic  a lg o r ith m  w ill o u tp e r f o rm  its  s e r ia l c o u n te r p a rt a n d  th a t 
w ith  th e  a d d itio n  o f d o m a in  s p e c if ic  k n o w le d g e  a n d  h e u r is tic s , p e rf o r m a n c e  w ill be  
f u rth e r im p ro v e d . A  s lig h tly  m o r e  c o n s tr a in e d  v e rs io n  w a s  g iv e n  in  c h a p te r  4 , w h ic h  
d e f in e d  th e  m e tr ic s  u p o n  w h ic h  th e  p e r f o rm a n c e  a n d  c o m p a ris o n  o f th e s e  a lg o r ith m s  
w o u ld  be  ba s e d . It s ta te d  th a t th e  p a ra lle l a lg o r ith m s  w o u ld  p r o d u c e  r e s u lts  w ith  a  
h ig h e r  a v e r a g e  f itn e s s  o v e r  1 0 0  g e n e ra tio n s . F u r th e r m o re , th e  in c lu s io n  o f  d o m a in  
s p e c if ic  k n o w le d g e  in to  th e  a lg o r ith m s  w o u ld  a d d itio n a lly  im p ro v e  th e  fitn e s s  o f  
th e s e  r e s u lts  o v e r  th e  1 0 0  g e n e r a tio n  te s t p e r io d . F in a lly , it s ta te d  a  s m a ll e x p e c te d  
in c re a s e  in  c o m p u ta tio n  tim e  a n d  m e m o r y  u s a g e  f o r th e  h e u r is tic  a lg o rith m s  a n d  a n  
a p p r o x im a te ly  lin e a r  in c r e a s e  in  n e tw o r k  u s a g e  a s  th e  c lu s te r  s iz e  is  in c re a s e d .  
 
It is  o f s o m e  c o n c e r n  th a t m o s t o f  th e  e x p e rim e n ta tio n  w a s  c a r r ie d  o u t o n  a  s in g le  
in s ta n c e  o f th e  c a p a c ite d  v e h ic le  r o u tin g  p ro ble m . O f  c o u r s e  th e r e  is  a lw a y s  th e  
p o s s ibility  o f  th is  be in g  a  p a r tic u la r ly  u n u s u a l in s ta n c e . H o w e v e r , if  o n e  e x a m in e s  
th e  n a tu r e  o f  th e  h y p o th e s is  a n d  c o n c lu s io n s  it is  a p p a re n t th a t th is  is  o f  lim ite d  
c o n c e rn . T h e  c o n c lu s io n s  p r e s e n te d  h e r e  d is p r o v e  th e  v a s t m a jo rity  o f  th e  h y p o th e s is  
d u e  to  its  g e n e r a lity . T h e re f o r e , e v e n  a  s in g le  in s ta n c e  is  s u f fic ie n t f o r th is  c o u n te r-
p r o o f. T h e r e  is  n o  r e a s o n  to  e x p e c t th a t th e s e  re s u lts  w ill n o t be  e x te n s ible  to  o th e r 
in s ta n c e s  o f  th e  c a p a c ite d  v e h ic le  ro u tin g  p ro ble m , h o w e v e r  it is  re a lis e d  th a t s u c h  a n  
e x te n s io n  is  n o t p o s s ible  ba s e d  s o le ly  o n  th is  w o r k . W ith  th is  in  m in d  th o u g h , f u rth e r 
w o rk  w ill be  p r e s e n te d  w ith in  a  s u bs e q u e n t c h a p te r  a im e d  a t e x te n d in g  th e  m e th o d s  
a n d  e x p e rim e n ta tio n  o f  th is  w o r k  to  a llo w  m o r e  g e n e r a l c o n c lu s io n s  to  be  d ra w n . 
 
In  g e n e r a l, th e  a s s e r tio n  w ith in  th e  h y p o th e s is  th a t th e  p a ra lle l a lg o r ith m s  w ill 
p r o d u c e  be tte r  r e s u lts  is  d is p r o v e d  d u e  to  its  g e n e ra lity . T h e  p a r a lle l a lg o r ith m s  d id  
n o t a lw a y s  o u tp e rf o r m  th e  s e r ia l a lg o r ith m  in  te rm s  o f s o lu tio n  q u a lity  a f te r  1 0 0  
g e n e ra tio n s . W h e r e  th e y  d id , it w a s  s o m e tim e s  n o t by  g r e a t e n o u g h  m a r g in s  to  
e lim in a te  th e  p o s s ibility  o f  s u c h  a  r e s u lt be in g  d u e  to  th e  s to c h a s tic  n a tu r e  o f  g e n e tic  
a lg o r ith m s . T h a t is , it is  n o t p o s s ible  to  s ta te  th a t p a r a lle l g e n e tic  a lg o rith m s  w ill 
o u tp e rf o rm  s e ria l a lg o rith m s  u n d e r  a ll c o n d itio n s . In d e e d , q u ite  th e  o p p o s ite  h a s  be e n  
d e m o n s tr a te d ; it is  p o s s ible  to  e n g in e e r  p ro ble m s  u p o n  w h ic h  a  s e r ia l a lg o rith m  is  
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m o re  a p p r o p ria te  th a n  a  p a r a lle l o n e . In  lig h t o f th is , it is  n o t p o s s ible  to  p ro v e  th a t 
p a r a lle l g e n e tic  a lg o r ith m s  c o n c lu s iv e ly  o u tp e r fo r m  th e ir s e ria l c o u n te rp a r ts . 
 
T h e  a s s e r tio n s  r e g a r d in g  th e  h e u r is tic s  a r e  a ls o  o v e r ly - g e n e r a l a n d  f o r th is  r e a s o n  
c a n n o t be  c o n c lu s iv e ly  p r o v e d . T h is  w o rk  d o e s  n o t d e m o n s tra te  th a t h e u r is tic -
a u g m e n te d  g e n e tic  a lg o r ith m s  w ill a lw a y s  o u tp e r f o rm  th o s e  w ith o u t h e u r is tic s . 
In d e e d , it is  q u ite  o bv io u s  th a t a  p o o r  h e u ris tic  w o u ld  a d v e r s e ly  a f fe c t th e  
p e r fo r m a n c e  o f  a  g e n e tic  a lg o rith m . H o w e v e r, w ith in  th e  c o n te x t o f  th is  w o r k  a lo n e , 
it w a s  d e m o n s tr a te d  th a t th e  s im p le  h e u ris tic  c a n  a c c e le r a te  th e  in c o r p o r a tio n  o f 
d e s ir e d  s tr u c tu r e  w ith in  th e  s o lu tio n s  g e n e r a te d  by  th e  g e n e tic  a lg o rith m . W h e th e r  
th is  u ltim a te ly  le a d s  to  im p r o v e d  p e r f o rm a n c e  d e p e n d s  e n tir e ly  u p o n  th e  a c c u r a c y  o f  
th e  h e u r is tic  a n d  c h a r a c te r is tic s  o f th e  p ro ble m  in  q u e s tio n . T h e  p ro ble m  
d e c o m p o s itio n  a lg o r ith m , w h ic h  in  its e lf u s e s  a  h e u r is tic  a p p r o a c h  fo r  
d e c o m p o s itio n , d e m o n s tra te s  th e  ba la n c e  be tw e e n  g e n e r a lity  a n d  s p e e d . T h e  o p tim a l 
s o lu tio n  w a s  n o t a tta in a ble  a fte r a p p ly in g  th e  h e u r is tic , h o w e v e r  m u c h  be tte r  
s o lu tio n s  w e re  f o u n d  m u c h  f a s te r  th a n  w ith  a n y  o f  th e  o th e r  a lg o r ith m s . W h e th e r th is  
im p r o v e d  s p e e d  is  w o r th  th e  p o s s ibility  o f  e lim in a tin g  th e  o p tim a l s o lu tio n  f ro m  th e  
s e a rc h  s p a c e  is  a  m a tte r  d e p e n d e n t o n  th e  d e s ire d  a p p lic a tio n  a n d  o n  h o w  m u c h  
w e ig h t is  g iv e n  to  e a c h  o f th e  a ttribu te s  o f  s p e e d  a n d  e v e n tu a l a c c u r a c y . W h e th e r  th e  
u s e  o f a  s p e c ia lis e d  a p p r o a c h  g r a n ts  s u f fic ie n t im p ro v e m e n t o v e r  a  m o r e  g e n e r a l 
a p p r o a c h  to  w a r r a n t its  s e le c tio n  is  a ls o  n o t im m e d ia te ly  a n s w e r a ble . 
 
W ith  r e g a r d s  to  th e  p e rf o r m a n c e  e x p e c ta tio n s  s ta te d  w ith in  th e  h y p o th e s is , th e y  w e r e  
a c c u r a te  bu t th e  g e n e r a lity  o f th e s e  s ta te m e n ts  w a s  o n c e  a g a in  o f  c o n c e r n . T h e y  a re  
p r o v e d  w ith in  th e  lim ite d  c o n te x t o f  th is  w o r k , bu t th e  r e s u lts  a r e  c e rta in ly  n o t 
e x te n s ible  to  g e n e tic  a lg o r ith m s  in  g e n e r a l. A s  w ith  th e  o th e r  re s u lts , th e y  a r e  e n tire ly  
d e p e n d e n t o n  th e  c h o ic e  o f  a r c h ite c tu r e  a n d  a lg o r ith m  d e s ig n . T h e  p ro ble m  
d e c o m p o s itio n  a lg o r ith m s  p re s e n t a  s itu a tio n  w h e r e  th e  a p p lic a tio n  o f  a  h e u ris tic  
im p r o v e s  p e r f o rm a n c e  d u e  to  r e d u c in g  th e  c o m p le x ity  o f  th e  p r o ble m . In  g e n e r a l th is  
w ill be  tru e  o f  a ll g e n e tic  a lg o rith m s . W h e re  th e  a p p lic a tio n  o f a  h e u r is tic  d o e s  n o t 
s im p lif y  th e  p r o ble m  a n d  h e n c e  r e d u c e  th e  c o m p u ta tio n a l c o m p le x ity , a t be s t 
c o m p a r a ble  r u n  tim e  c a n  be  e x p e c te d  to  th e  v a r ia n t w ith o u t th e  h e u r is tic . T h e  n a ïv e  
h e u r is tic  o bs e rv e d  in  s e c tio n  7 .6  e x e m p lif ie s  th is . In  c o n tra s t, if  th e  h e u r is tic  a llo w s  a  
s im p lif ic a tio n  o f  p r o ble m  c o m p le x ity , a s  w a s  th e  c a s e  w ith  th e  d e c o m p o s itio n  
h e u r is tic  u s e d  in  s e c tio n  7 .7 , im p r o v e m e n ts  in  e x e c u tio n  tim e  c a n  be  a c h ie v e d . In  th e  
w o rs t c a s e  h o w e v e r , th e  e x e c u tio n  tim e  is  n o t im p ro v e d . M e m o r y  u s a g e  fo llo w s  a n  
a lm o s t id e n tic a l a r g u m e n t. 
 
T h e  r e s u lts  o f  th e  e x p e r im e n ts  in te n d e d  to  c o n tr a s t th e  p e r f o rm a n c e  o f  th e  s u b-
p o p u la tio n  p a ra lle l a lg o r ith m s  w ith  th a t o f  th e  s e ria l a lg o rith m  w e r e  in c o n c lu s iv e . 
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T h e y  p r o d u c e d  n o  firm  e v id e n c e  to  s u g g e s t th e  s u b-p o p u la tio n  a lg o rith m s  h a n d le  th e  
p r o ble m  o f c o n v e r g e n c e  m o r e  e f f e c tiv e ly  o r  a re  a ble  to  m o re  e f fic ie n tly  e x p lo r e  th e  
s e a rc h  s p a c e . In d e e d , c o n s id e r in g  th e  c o m p u ta tio n a l c o s t, th e  s u b-p r o ble m  p a ra lle l 
a lg o r ith m s  a r e  le s s  e f fic ie n t. T h e y  c o n s u m e  m o r e  r e s o u r c e s  in  te rm s  o f c o m p u ta tio n  
tim e  a n d  n e tw o r k  ba n d w id th  to  r e a c h  r e s u lts  w h ic h  a r e  n o t s ig n if ic a n tly  be tte r  th a n  
th o s e  o f  th e  s e r ia l a lg o r ith m . It w a s  s h o w n  th a t th e  e x tr a  c o m p u ta tio n a l tim e  o f  th e  
p a r a lle l a lg o r ith m s  c a n  e a s ily  be  w a s te d  d u e  to  a  r e p e titiv e  s e a r c h  o f  th e  s a m e  a re a  
w ith in  th e  p ro ble m  s p a c e . H o w e v e r , th is  is  n o t to  s a y  th a t th e  s u b-p o p u la tio n  
a lg o r ith m s  a r e  in c a p a ble  o f be tte r  p e rf o r m a n c e . G e n e tic  a lg o r ith m s  in  g e n e r a l d e p e n d  
o n  th e  s e le c tio n  o f a  n u m be r o f  a ttribu te s , r e la tin g  to  s u c h  th in g s  a s  s e le c tio n  a n d  
r e p ro d u c tio n . P a r a lle lis in g  th e s e  a lg o rith m s  in tr o d u c e  e v e n  m o re  a ttr ibu te s  u p o n  
w h ic h  p e rf o r m a n c e  d e p e n d s . In d e e d , m u c h  r e s e a r c h  h a s  be e n  c o n d u c te d  in to  th e  
p e r fo r m a n c e  o f  th e s e  a lg o r ith m s  a n d  y e t th e r e  is  n o  o p tim a l s e t o f v a lu e s  th a t w ill 
a lw a y s  p ro d u c e  g o o d  r e s u lts ; it is  u n lik e ly  th a t s u c h  a  s e t e x is ts . Iro n ic a lly , g e n e tic  
a lg o r ith m s  th e m s e lv e s  r e p r e s e n t a n  o p tim is a tio n  p ro ble m  —  th e  e x a c t p r o ble m  th e y  
a r e  in te n d e d  to  s o lv e .  
 
T h e  S u n  G rid  E n g in e  w a s  u s e d  a s  a  m e c h a n is m  f o r a llo w in g  th e  p a r a lle l e x e c u tio n  o f 
th e  g e n e tic  a lg o rith m  is la n d s . Its  u s e  r a is e d  s e v e ra l in te re s tin g  c o n s id e r a tio n s . 
F o r e m o s t, it w a s  v e r y  u s e f u l f o r  c o lle c tin g  a u d itin g  in fo r m a tio n  a n d  m o n ito r in g  th e  
e x e c u tio n  o f  th e  v a rio u s  a lg o r ith m  c o m p o n e n ts . H o w e v e r, g rid  c o m p u tin g  is  n o t 
n e c e s s a r y  w ith in  th is  lim ite d  c a p a c ity . T h e  c lu s te r  s iz e  w a s  o n ly  f o u r h o s ts ; th e re  w a s  
a n d  is  little  lik e lih o o d  o f  it be in g  in c r e a s e d  fa r  be y o n d  th is  n u m be r . F o r  th is  re a s o n , 
th e  d y n a m ic  a llo c a tio n  o f  ta s k s  w a s  n o t p a r tic u la r ly  n e c e s s a r y  a n d  in d e e d  th e  
d e d ic a te d  n a tu r e  o f th e  c lu s te r n e g a te s  th e  n e e d  f o r  e ff e c tiv e  re s o u r c e  a llo c a tio n . 
F u r th e r m o re , th e  g r a n u la rity  o f  th e  a p p lic a tio n  in  m o s t c a s e s  w a s  la r g e  a n d  h e n c e  
th e re  w a s  little  n e e d  fo r  c o n s ta n t re s c h e d u lin g . T h is  is  n o t to  s a y  th a t g rid  c o m p u tin g  
d o e s  n o t h a v e  a  u s e  w ith in  s u c h  a n  a p p lic a tio n ; th is  is  n o t th e  c a s e . W ith in  a  la r g e r 
c lu s te r w h ic h  w a s  n o t d e d ic a te d , th e  d y n a m ic  a llo c a tio n  o f jo bs  w ith  e f f e c tiv e  
r e s o u r c e  a llo c a tio n  is  m o s t d e f in ite ly  a  d e s ira ble  o p e ra tio n . M o r e o v e r , if th e  
g r a n u la r ity  o f p a r a lle l br e a k -u p  is  s m a ll, th e  n e e d  f o r  re s c h e d u lin g  w ill be  g r e a te r a n d  
a u to m a tio n  is  n e c e s s a r y . In  s h o rt, th e  p r o ble m  is  a m e n a ble  to  g r id  c o m p u tin g , 
h o w e v e r  w ith in  th is  w o rk  th e  e n v ir o n m e n t w a s  s u ff ic ie n tly  s m a ll a n d  c o n tr o lle d  th a t 
it w a s  n o t n e c e s s a r y . In d e e d , th e  c o n c e p tu a l ta r g e t o f g r id  c o m p u tin g  is  n o t s m a ll 
is o la te d  e x p e r im e n ta l c lu s te r s  bu t la r g e  s c a le , m u lti-p u r p o s e  c o lle c tio n s  o f  m a c h in e s  
—  th e  g o a l be in g  to  r e c la im  w a s te d  c o m p u ta tio n a l c a p a c ity . 
 
T h e  p r o g ra m m in g  m o d e l u s e d  a ls o  w a r r a n ts  e x a m in a tio n . A lth o u g h  it w a s  n o t 
e x p la in e d  in  d e ta il, th e  d e s ig n  w a s  fo c u s e d  o n  e x te n s ibility  a n d  g e n e r a lity . T h a t is , 
th e  p ro ble m  s p e c if ic s  w e re  v e r y  c a r e fu lly  s e p a r a te d  f ro m  th e  g e n e tic  a lg o rith m  
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m e c h a n ic s . A lth o u g h  th is  is  g o o d  o bje c t o r ie n te d  d e s ig n , it le a d s  to  m o r e  v e rbo s e  
c o d e  a n d  in  s e v e ra l in s ta n c e s  r e d u c e d  e f f ic ie n c y  o f e x e c u tio n . T h e  la n g u a g e  o f  
c h o ic e  w a s  J a v a , a  h y brid  in te r p re te d - c o m p ile d  la n g u a g e  w ith  a  ( p e r h a p s  s o m e w h a t 
u n f o u n d e d ) r e p u ta tio n  f o r  s lo w  e x e c u tio n  s p e e d . T h e  c h o s e n  p r o ble m  in s ta n c e  is  a ls o  
q u ite  e x p a n s iv e  a n d  c o m bin in g  a ll th e s e  f a c to r s  le a d  to  s o m e  o f  th e  a lg o r ith m s  
h a v in g  q u ite  a  s lo w  e x e c u tio n  s p e e d . A  m o re  e f fic ie n c y -ba s e d  a p p r o a c h  m a y  h a v e  
be e n  be n e fic ia l in  a llo w in g  m e a s u r e m e n ts  to  be  m a d e  o v e r  a  la r g e r n u m be r  o f 
g e n e ra tio n s . T h e  s u b-p o p u la tio n  p a r a lle l d is tr ibu te d  a lg o r ith m  w a s  ru n  u p  to  
a p p r o x im a te ly  1 5 0 ,0 0 0  g e n e r a tio n s  o n  o n e  o c c a s io n , w h ic h  re q u ir e d  a n  e x e c u tio n  
tim e  o f a p p r o x im a te ly  4  d a y s . T h is  w a s  c e r ta in ly  a  m a jo r  a d v a n ta g e  o f th e  p r o ble m  
d e c o m p o s itio n  a p p ro a c h , w h ic h  h a d  ru n n in g  tim e  in  th e  o rd e r  o f m in u te s  r a th e r  th a n  
d a y s .  T h e  c lie n t- s e rv e r  a rc h ite c tu r e  a ls o  p r e s e n ts  c o n c e r n s  f o r s c a la bility . In c r e a s in g  
th e  n u m be r  o f h o s t in c r e a s e s  th e  lo a d  o n  th e  s e rv e r  a n d  w ill e v e n tu a lly  c a u s e  a  
r e d u c tio n  in  e x e c u tio n  tim e  p e r  h o s t. A  d e c e n tr a lis e d  a p p r o a c h  is  d e fin ite ly  m o r e  
d e s ir a ble , im p r o v in g  s c a la bility  a n d  m o r e  c lo s e ly  m irr o r in g  th e  in te n d e d  ta r g e t o f  
g r id  c o m p u tin g . 
 
T h e  p r o ble m  d e c o m p o s itio n  a p p ro a c h  to  p a r a lle l g e n e tic  a lg o rith m s  re v is its  is s u e s  
th a t w e r e  to u c h e d  u p o n  in  s e c tio n  3 .4 .6  a n d  a r e  fu n d a m e n ta l to  th e  d e v e lo p m e n t a n d  
u s e  o f g e n e tic  a lg o rith m s . T h is  is  th e  is s u e  o f  g e n e ra lity  a n d  a p p lic a bility . T h e  
a bs tr a c t c o n c e p t o f  g e n e tic  a lg o r ith m s  p ro v id e s  a  g e n e r a l a p p r o a c h  to  p r o ble m  
s o lv in g  a n d  in d e e d  in  its  o rig in a l fo rm  is  a p p lic a ble  to  m a n y  d if fe r e n t p r o ble m  ty p e s . 
H o w e v e r, th e re  a r e  p ro ble m s  th a t a r e  n o t e f fe c tiv e ly  re p r e s e n ta ble  w ith in  th e  
c o n s tr a in ts  o f th e  tr a d itio n a l g e n e tic  a lg o r ith m . M a n y  m o d if ic a tio n s  h a v e  be e n  
p r o p o s e d  to  bo th  th e  r e p r e s e n ta tio n  c o m p o n e n t o f  g e n e tic  a lg o rith m s  a n d  th e  a c tu a l 
f u n c tio n a l c o m p o n e n t to  c o p e  w ith  th is . N u m e ro u s  m o d ific a tio n s  a r e  a im e d  a t 
a d d r e s s in g  s p e c ific  a p p lic a tio n s . T h e s e  e ith e r  e n a ble  th e  u s e  o f  g e n e tic  a lg o r ith m s  
u p o n  p r o ble m s  th a t w o u ld  o th e r w is e  n o t be  a m e n a ble  to  s u c h  a n  a p p r o a c h  o r to  
e n h a n c e  th e  p e r fo r m a n c e  o f  g e n e tic  a lg o r ith m s  w ith in  e x is tin g  a p p lic a tio n s . 
G e n e r a lity  o f  s o lu tio n  is , w ith  g o o d  r e a s o n , a  d e s ir e d  a ttr ibu te  w ith in  c o m p u te r  
s c ie n c e ; it s im p lifie s  re - a p p lic a tio n  a n d  c o n c e p tu a lis a tio n  a m o n g s t o th e r be n e f its . 
T h e  p r o ble m  d e c o m p o s itio n  a p p ro a c h  p r e s e n te d  h e r e in  c a n n o t be  g e n e r a lis e d  to  
a rbitra r y  p r o ble m s . A t be s t, it c a n  be  g e n e r a lis e d  to  c a p a c ite d  v e h ic le  r o u tin g  a n d  
p o s s ibly  re la te d  p r o ble m s . In  s h o r t, w h a t h a s  be e n  fo u n d  is  a n  e f f e c tiv e  m e a n s  fo r  
f in d in g  g o o d  s o lu tio n s  to  th e  c a p a c ite d  v e h ic le  r o u tin g  p r o ble m  in  s h o r t r u n n in g  
tim e , bu t n o t a  g e n e r a l im p ro v e m e n t to  th e  f u n c tio n  o f  g e n e tic  a lg o rith m s .  
 
T h e  is s u e  o f  c o n v e r g e n c e  w a s  a ls o  id e n tifie d  a s  im p o rta n t w ith in  th is  w o r k . A s  w a s  
a p p a re n t, th e  o n e  d im e n s io n a l m e tr ic  f o r th e  c o m p a r is o n  o f  g e n e tic  d iv e r s ity  w ith in  
d iff e re n t p o p u la tio n s  w a s  n o t s u ff ic ie n tly  d e s c r ip tiv e . It o v e rlo o k s  th e  f a c t th a t th e  
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lo s s  o f  d iv e r s ity  w ith in  a  s in g le  a lle le  c a n  be  a s  d e trim e n ta l to  th e  e x p lo r a tiv e  
c a p a bilitie s  o f  th e  a lg o rith m  a s  th e  c o m p le te  lo s s  o f d iv e rs ity  o n  a  g lo ba l s c a le  w ith in  
th e  p o p u la tio n . In  a d d itio n  to  th is , th e  la c k  o f a n y  s o r t o f  m e a s u r e  o f  a c c e p ta ble  
g e n e tic  d iv e r s ity  (i.e . h o w  d iv e rs e  s h o u ld  th e  p o p u la tio n  be  to  a llo w  c o n tin u e d  
e x p lo ra tio n )  le a d s  to  p ro ble m s  in  e s ta blis h in g  w h e th e r th e  a lg o r ith m  h a s  a c h ie v e d  
p r e m a tu re  c o n v e r g e n c e  o r  n o t.  
 
T h e  p r o ble m  d e c o m p o s itio n  a lg o r ith m  p r e s e n te d  w ith in  th is  w o rk  is  in d e e d  q u ite  
e f fic ie n t a t s o lv in g  th e  c a p a c ite d  v e h ic le  ro u tin g  p ro ble m . H o w e v e r its  c h a r a c te ris tic s  
a r e  h ig h ly  re la te d  to  th e  d is c u s s io n  o f a lg o rith m  g e n e ra lity  w h ic h  w a s  p re s e n te d  in  
s e c tio n  3 .4 .6 . T h is  a lg o rith m  is  h ig h ly  s p e c ific  a n d  a s  s u c h , it lo s e s  m a n y  o f  th e  
a d v a n ta g e s  o f  g e n e tic  a lg o r ith m s  a n d  e v o lu tio n a r y  c o m p u tin g  te c h n iq u e s  in  g e n e r a l, 
s u c h  a s  a n  a bility  to  be  a p p lie d  to  a  la r g e  r a n g e  o f  p r o ble m s . A lth o u g h  th e  c o n c e p t o f 
d e c o m p o s in g  th e  C V R P  in to  th e  B P P  a n d  th e  T S P  is  n o t u n iq u e , th e  a p p lic a tio n  o f  
g e n e tic  a lg o r ith m s  to  th is  a p p ro a c h  is  r e la tiv e ly  u n - e x a m in e d . In d e e d , th is  is  lik e ly  a s  
a  r e s u lt o f  th e  a bo v e  c o n s id e r a tio n  o f  g e n e r a lity . T h e  u s e  o f  a  s e p a r a te  a p p r o a c h  fo r  
th e  d e c o m p o s itio n  d o e s  to  a  c e r ta in  e x te n t a lle v ia te  th is  a s  th e  g e n e tic  a lg o r ith m  u s e d  
is  in d e e d  s till th e  tr a d itio n a l a p p r o a c h . H o w e v e r  p u r is ts  m a y  c o n s id e r it a  v io la tio n  o f 
th e  g e n e r a lity  o f  th e  g e n e tic  a lg o rith m .  
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10 . C O N C L U S IO N S  
T h is  w o r k  be g a n  by  p r e s e n tin g  a  h y p o th e s is  r e g a r d in g  th e  e x p e c te d  im p r o v e m e n t 
in  p e rf o rm a n c e  th a t c o u ld  be  o f fe r e d  by  e m p lo y in g  a  p a r a lle l g e n e tic  a lg o r ith m  in  
p la c e  o f  a  s e r ia l v a r ia n t. F o llo w in g  a n  in tr o d u c tio n  to  th e  c o n c e p t o f g e n e tic  
a lg o r ith m s , th e  v a r io u s  w o r k  r e g a rd in g  p a r a lle l a n d  d is tribu te d  v e r s io n s  w a s  
e x p lo re d . A  m e th o d  o f c la s s ific a tio n  w a s  a rr iv e d  a t a n d  s e v e r a l a p p r o a c h e s  to  
p a r a lle lis in g  g e n e tic  a lg o r ith m s  th a t e x e m p lif y  th e  a p p a r e n t c la s s e s  w e r e  e x a m in e d . 
T h e  m o tiv a tio n  w a s  th e  u n d e r s ta n d in g  a n d  th e r e by  s e le c tio n  o f a p p r o p r ia te  
a lg o r ith m s  to  e x p lo re  th e  h y p o th e s is . A  c o a r s e - g r a in e d  a p p r o a c h  w a s  s e le c te d  a n d  a  
te s t p r o ble m  o f s u f fic ie n t c o m p le x ity  w a s  id e n tif ie d : th e  c a p a c ite d  v e h ic le  r o u tin g  
p r o ble m . M e tr ic s  fo r  c o m p a ris o n  w e r e  e x p lo r e d  a n d  a  c o lle c tio n  o f  m e a s u re s  ba s e d  
u p o n  s o lu tio n  fitn e s s , m e m o r y  u s a g e , C P U  u tiliz a tio n , a n d  ba n d w id th  u s a g e  w e r e  
id e n tifie d . M e a s u r e s  f o r  c o n v e r g e n c e  w e r e  a ls o  e x p lo re d  a n d  a  s tr in g  d iff e r e n c e  
a p p r o a c h  w a s  s e le c te d  a s  a n  o bje c tiv e  m e tric . A  d is tr ibu te d  a rc h ite c tu re  w a s  
p r e s e n te d  a s  th e  e n v ir o n m e n t f o r e x p e r im e n ta tio n  a n d  s e v e r a l a lg o r ith m  v a r ia n ts  
w e r e  c o n s tr u c te d  to  e x p lo r e  th e  is s u e s  p r e s e n te d  w ith in  th e  h y p o th e s is  s ta te m e n t. T h e  
a lg o r ith m s  d e v e lo p e d  w e r e  te s te d  f o r  c o n s e n s u s  w ith  k n o w n  re s u lts . E x p e r im e n ts  
w e r e  p r o p o s e d  to  e x p lo r e  th e  h y p o th e s is . F in a lly , r e s u lts  w e r e  p r e s e n te d  a n d  
d is c u s s e d  w h ic h  u n c o v e r e d  a  m o r e  c o m p le x  n a tu r e  to  th e  h y p o th e s is .  
 
T h e  e m p ir ic a l e v id e n c e  s h o w s  th a t p a ra lle l g e n e tic  a lg o rith m s  c a n  in d e e d  o u tp e rf o rm  
th e ir  s e r ia l c o u n te r p a rts  by  m a k in g  u s e  o f m o re  c o m p u ta tio n a l p o w e r . H o w e v e r , th e  
c h a ra c te ris tic s  o f  th e  a lg o r ith m  a n d  th e  p ro ble m  in  q u e s tio n  be a r  h e a v ily  o n  th is  
c a p a c ity . It w a s  d e m o n s tr a te d  th a t p a r a lle l a lg o r ith m s  c a n  be  d e v is e d  w h ic h  g r a n t 
little  o r  n o  im p ro v e m e n t o v e r  th e  s e ria l v a r ia n t f ro m  w h ic h  th e y  a r e  d e r iv e d , d e s p ite  
be in g  m o r e  c o m p u ta tio n a l in te n s e . H e u r is tic  e n h a n c e m e n t c a n  be  u s e d  to  f o r c e  
s tru c tu ra l re q u ir e m e n ts  to  be  in c o r p o r a te d  in to  th e  s o lu tio n s  o f a  g e n e tic  a lg o r ith m  
m o re  r a p id ly , a n d  h e n c e  le a d  to  be tte r  s o lu tio n s  w ith in  s m a lle r  tim e fr a m e s . H o w e v e r, 
r e s u lts  s u g g e s t th a t th e s e  s tr u c tu r e s  w ill be  e m e r g e n t w ith in  th e  a lg o rith m  w ith o u t th e  
n e e d  fo r  h e u r is tic s , a  c o n c lu s io n  s u p p o r te d  by  p r e v io u s  w o rk . T h e  e f fe c tiv e n e s s  o f 
th e  h e u r is tic s  is  d e p e n d e n t o n  th e ir v a lid ity  a n d  c h a r a c te ris tic s ; it w a s  d e m o n s tr a te d  
th a t h e u r is tic  m e a s u r e s  c a n  in  th e  lo n g  te r m  r e d u c e  th e  e f fe c tiv e n e s s  o f g e n e tic  
a lg o r ith m s . 
 
T h e  m o s t p r o m is in g  a lg o rith m  p r e s e n te d  in  te rm s  o f th e  m e tric s  u s e d  f o r  c o m p a r is o n  
w a s  th e  p ro ble m  d e c o m p o s itio n  a p p r o a c h  to  p a r a lle lis in g  g e n e tic  a lg o r ith m s . T h is  
in c o rp o r a te d  h e u r is tic  d e c o m p o s itio n  w ith  p a r a lle l p r o c e s s in g  to  p r o d u c e  re s u lts  
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c o m p a r a ble  to  o p tim a l s o lu tio n s  w ith in  v e r y  m in im a l ru n  tim e . D e s p ite  e x c e lle n t 
p e r fo r m a n c e  h o w e v e r , th is  a lg o r ith m  w a s  fo u n d  to  be  h ig h ly  s p e c if ic  a n d  it is  n o t 
p o s s ible  to  g e n e r a lis e  th e s e  r e s u lts  to  a p p lic a tio n s  o th e r  th a n  th e  c a p a c ite d  v e h ic le  
r o u tin g  a n d  re la te d  p r o ble m s . 
 
U ltim a te ly , th e  g e n e ra l n a tu r e  o f th e  h y p o th e s is  p re v e n ts  a  c o n c lu s iv e  p ro o f  o r  
d is p ro o f  o f it fr o m  th e  re s u lts  o bta in e d . M o re  a c c u r a te ly , th e  h y p o th e s is  th a t p a r a lle l 
g e n e tic  a lg o r ith m s  o u tp e r fo r m  th e ir  s e ria l c o u n te rp a r ts  a n d  th a t h e u ris tic  
a u g m e n ta tio n  c a n  fu r th e r  im p r o v e  p e rf o r m a n c e  c a n  be  p r o v e n  w ith in  a  r e s tric te d  
d o m a in  a n d  c o n c u r r e n tly  s h o w n  to  be  u n tr u e  in  h ig h ly  g e n e r a l c irc u m s ta n c e s .  
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11. F U R T H E R  W O R K  
S e v e ra l in tr ig u in g  d ir e c tio n s  fo r  f u rth e r e x p lo r a tio n  a n d  r e s e a r c h  h a v e  be e n  
id e n tifie d  d u rin g  th e  c o u r s e  o f th is  w o rk . T h is  c h a p te r  p re s e n ts  s o m e  o f  th e s e  
o bs e rv a tio n s  a n d  a  s e rie s  o f d ire c tio n s  u p o n  w h ic h  f u rth e r w o rk  c o u ld  be  ba s e d . 
 
A s  n o te d  in  th e  d is c u s s io n  o f  re s u lts , a  u s e f u l m e a s u r e  o f  a lg o r ith m  c o n v e r g e n c e  w a s  
la c k in g  a n d  c a u s e d  a n  in a bility  to  e f f e c tiv e ly  d e te r m in e  th e  e f f e c t th a t g e n e tic  
d iv e rs ity  w a s  h a v in g  o n  th e  e ff e c tiv e  s e a r c h  o f  th e  p r o ble m  s p a c e . T h e  o n e -
d im e n s io n a l m e tr ic  p r e s e n te d  w ith in  s e c tio n  8 .3  a llo w s  a n  a p p r o x im a tio n  o f  g e n e tic  
d iv e rs ity , bu t a  d e te rm in a tio n  o f w h a t le v e l o f  d iv e r s ity  is  s u ff ic ie n t is  n o t a v a ila ble . 
S u c h  a  m e a s u r e  w o u ld  n o  d o u bt be  d e p e n d e n t o n  th e  d im e n s io n s  o f  th e  p r o ble m  
s p a c e , a n d  v ic a rio u s ly  th e  fr e q u e n c y  o f p o s s ible  g e n e  v a lu e s  fo r  e a c h  a lle le  th a t is  
p r e s e n t w ith in  th e  p o p u la tio n . T h e  d e v e lo p m e n t o f  a n  e ff e c tiv e  m e tric  f o r th is  
p r e s e n ts  a  p o s s ible  d ire c tio n  f o r  fu tu re  w o rk . 
 
T h e  p r o ble m  d e c o m p o s itio n  a p p ro a c h  to  p a r a lle lis in g  th e  g e n e tic  a lg o r ith m  
r e p re s e n te d  a n  e f fic ie n t te c h n iq u e  in  te r m s  o f  bo th  p e rf o rm a n c e  a n d  q u a lity  m e tr ic s . 
In  its  c u r r e n t f o r m  th e  K M e a n s  a lg o rith m  w a s  u s e d  to  d e c o m p o s e  th e  p ro ble m  
in s ta n c e  in to  s m a lle r  T S P  in s ta n c e s  a n d  in  d o in g  s o  s o lv e  th e  B P P  c o m p o n e n t o f  th e  
p r o ble m . F u rth e r  w o r k  u p o n  th is  a p p ro a c h  c o u ld  r e p la c e  th e  K M e a n s  a lg o r ith m  w ith  
a  h ie r a r c h ic a l g e n e tic  a lg o rith m . S u c h  a n  a lg o r ith m  w o u ld  h a v e  a s  th e  g o a l o f its  
u p p e r  tie r th e  e ff e c tiv e  s o lu tio n  o f  th e  B P P  c o m p o n e n t a n d  a t its  lo w e r tie r  a n  
e f fe c tiv e  s o lu tio n  o f th e  T S P  s u b-p ro ble m . It is  lik e ly  th is  a p p r o a c h  w ill p e rf o rm  le s s  
e f fic ie n tly  in  te r m s  o f  p e r fo r m a n c e  m e tr ic s  s u c h  a s  C P U  tim e  a n d  m e m o r y  u s a g e . 
H o w e v e r, it is  a ls o  lik e ly  to  be  m o re  g e n e r a lly  a p p lic a ble  to  le s s  w e ll be h a v e d  
in s ta n c e s  o f  th e  c a p a c ite d  v e h ic le  ro u tin g  p ro ble m  a n d  p o s s ibly  m o r e  g e n e ra lly  
a p p lic a ble  to  o th e r  a p p lic a tio n s . F u rth e r w o r k  u p o n  th is  c o u ld  c o m p a r e  a n  e x p e c te d  
lo s s  in  s p e e d  a n d  m e m o r y  u s a g e  w ith  o bs e rv e d  e m p ir ic a l re s u lts . In  a d d itio n , a n  
in c re a s e  in  g e n e r a l a p p lic a bility  c o u ld  be  e x p lo r e d  by  c o m p a rin g  re s u lts  o f  bo th  
a p p r o a c h e s  u p o n  w e ll be h a v e d  a n d  le s s  a m e n a ble  in s ta n c e s . 
 
A lth o u g h  d e v e lo p in g  g e n e tic  a lg o rith m s  w h ic h  h a n d le  th e  is s u e s  o f  c o n v e r g e n c e  a n d  
g e n e tic  d iv e r s ity  e f f e c tiv e ly  w a s  be y o n d  th e  s c o p e  o f  th is  w o r k  it d id  a ris e  a s  a  
s e rio u s  is s u e . E f fe c tiv e  m e a s u r e s  f o r  e n s u r in g  a  s u f f ic ie n t le v e l o f g e n e tic  d iv e rs ity  
c o u ld  be  e x p lo r e d  a s  f u rth e r w o rk , lin k in g  w ith  th e  is s u e  o f  d e fin in g  a n  e f f e c tiv e  
m e tr ic  o f  g e n e tic  d iv e r s ity  d is c u s s e d  a bo v e . A s  w a s  c o v e r e d  w ith in  th e  lite ra tu re  
r e v ie w , d e te rm in in g  e f f e c tiv e  s e ttin g  f o r  th e  g e n e tic  a lg o r ith m  re g a r d s  s u c h  
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
8 5  
in flu e n c e s  a s  s e le c tiv e  p r e s s u r e  is  v e r y  m u c h  a n  u n re f in e d  p r o c e s s  c e n tra lis e d  a ro u n d  
e m p ir ic a l o bs e r v a tio n s . S ig n if ic a n t re s e a rc h  h a s  be e n  u n d e r ta k e n  in to  th is  c o n c e r n  
bu t a s  y e t little  in  th e  w a y  o f c o n c r e te  th e o r y  h a s  be e n  p ro d u c e d  w h ic h  c a n  be  
e f fe c tiv e ly  a p p lie d  to  g e n e tic  a lg o r ith m s  in  g e n e ra l.  
 
C o n n e c te d  w ith  th e  is s u e  o f e n s u r in g  e f fe c tiv e  g e n e tic  d iv e r s ity  is  th e  c o n s id e ra tio n  
o f  a  m e th o d  fo r  r e d u c in g  th e  le v e l o f  d u p lic a te d  w o rk  in  th e  p a r a lle l is la n d s . S e v e ra l 
p o te n tia l s ta r tin g  p o in ts  in c lu d e  re d u c in g  th e  f r e q u e n c y  o f  m ig r a tio n  o r s e le c tiv e  
m ig r a tio n  ba s e d  u p o n  th e  g e n e tic  d if f e r e n c e  be tw e e n  th e  m ig r a n t a n d  th e  d e s tin a tio n  
is la n d . T h is  is  a ls o  c o n n e c te d  w ith  d e te rm in in g  a  m o re  e f fic ie n t m e th o d  o f m e a s u rin g  
g e n e tic  d iv e r s ity , a s  th e  m e th o d  p r e s e n t h e r e in  is  to o  c o m p u ta tio n a lly  c o m p le x  to  be  
u s e d  p ra c tic a lly . O n c e  th is  h a s  be e n  a c h ie v e d  a n  e x p lo r a tio n  o f  la r g e r  c lu s te r s iz e s  
be c o m e s  a  m u c h  m o r e  u s e f u l e n d e a v o u r .  
 
F in a lly , th e  c e n tr a lis e d  m o d e l u s e d  w ith in  th is  w o r k  h a s  s e v e r a l d ra w ba c k s , th e  m o s t 
o bv io u s  o f w h ic h  is  th e  s e r v e r lo a d . W ith in  la r g e r c lu s te r  s iz e s  th e r e  a r e  is s u e s  o f 
a s y m p to tic  p e rf o r m a n c e  im p r o v e m e n ts  d u e  to  a  m a x im u m  c a p a c ity  o f  th e  s e r v e r. A  
m u c h  m o r e  e f f ic ie n t m e c h a n is m  w o u ld  in v o lv e  a  d e c e n tr a lis e d  a p p r o a c h  w h e r e  
m ig r a tio n  w a s  e n tir e ly  a  p e e r- to - p e e r  o p e r a tio n . O f c o u r s e , th is  in v o lv e s  s ig n if ic a n t 
m o d if ic a tio n  o f  th e  u n d e r ly in g  to p o lo g y  a n d  o r g a n is a tio n . 
 
T h e  a lg o rith m  p e rf o r m a n c e  is  q u ite  s lo w , a s  is  a p p a r e n t by  e x a m in in g  th e  e x e c u tio n  
tim e s  p re s e n te d  th ro u g h o u t th e  r e s u lts  c h a p te r. D e v e lo p in g  a  m o r e  e ff ic ie n t 
a lg o r ith m  in  te rm s  o f e x e c u tio n  w o u ld  e n a ble  a  m u c h  m o r e  th o r o u g h  in v e s tig a tio n  o f  
r e s u lts  by  e lim in a tin g  th e  c o n s id e r a ble  tim e  p e n a lty .  P r e lim in a r y  o bs e r v a tio n s  
s u g g e s t th a t th e  e v a lu a tio n  o f  s o lu tio n  f itn e s s  is  a  m a jo r c o n tribu to r  to  e x e c u tio n  
tim e . A  s u g g e s te d  a v e n u e  fo r  e x p lo r in g  a  m o r e  e f f ic ie n t a lg o rith m  is  in  a p p ly in g  a  
p a r a lle l a lg o r ith m  w h ic h  d is tribu te s  th e  e v a lu a tio n  o f f itn e s s . C lie n t m a c h in e s  c o u ld  
c o m p u te  f itn e s s  a n d  r e tu r n  r e s u lts  w h ile  th e  s e rv e r  c o n tin u e s  to  e x e c u te  th e  g e n e tic  
a lg o r ith m  —  s u c h  a n  a p p r o a c h  w a s  d is c u s s e d  in  s e c tio n  3 .4 .3  o f th e  lite r a tu r e  r e v ie w .
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M o d e l a n d  F ir s t R e s u lts . P a p e r p r e s e n te d  a t th e  F o u r th  In te r n a tio n a l 
C o n fe r e n c e  o n  G e n e tic  A lg o r ith m s , U n iv e r s ity  o f  C a lif o rn ia , S a n  D ie g o . 
D a v is , L . ( 1 9 9 1 ). H a n d b o o k  o f G e n e tic  A lg o r ith m s : V a n  N o s tr a n d  R e in h o ld . 
D e - J o n g , K . A . (1 9 7 5 ) . A n  A n a ly s is  o f th e  B e h a v io u r  o f a  C la s s  o f G e n e tic  A d a p tiv e  
S y s te m s . U n p u blis h e d  D o c to ra l T h e s is , U n iv e rs ity  o f  M ic h ig a n , A n n  A rbo r . 
G o ld be r g , D . E . ( 1 9 8 9 a ). G e n e tic  A lg o r ith m s  in  S e a r c h , O p tim is a tio n , a n d  M a c h in e  
L e a r n in g : A d d is o n - W e s le y . 
G o ld be r g , D . E . ( 1 9 8 9 b). S iz in g  P o p u la tio n s  fo r  S e r ia l a n d  P a r a lle l G e n e tic  
A lg o r ith m s . P a p e r  p re s e n te d  a t th e  T h ird  In te rn a tio n a l C o n f e r e n c e  o n  G e n e tic  
A lg o r ith m s , G e o r g e  M a s o n  U n iv e r s ity . 
G o ld be r g , D . E . ( 1 9 8 9 c ). Z e n  a n d  th e  A r t o f G e n e tic  A lg o r ith m s . P a p e r  p re s e n te d  a t 
th e  T h ir d  In te r n a tio n a l C o n fe r e n c e  o n  G e n e tic  A lg o r ith m s , G e o r g e  M a s o n  
U n iv e r s ity . 
G o ld be r g , D . E ., &  D e b, K . (1 9 8 9 ) . A n  I n v e s tig a tio n  o f N ic h e  a n d  S p e c ie s  F o r m a tio n  
in  G e n e tic  F u n c tio n  O p tim is a tio n . P a p e r p r e s e n te d  a t th e  T h ir d  In te r n a tio n a l 
C o n fe r e n c e  o n  G e n e tic  A lg o r ith m s , G e o r g e  M a s o n  U n iv e rs ity . 
G o ld be r g , D . E ., &  D e b, K . (1 9 9 1 ) . A  c o m p a r a tiv e  a n a ly s is  o f s e le c tio n  s c h e m e s  
u s e d  in  g e n e tic  a lg o r ith m s . P a p e r p r e s e n te d  a t th e  F o u n d a tio n s  o f G e n e tic  
A lg o r ith m s . 
G o ld be r g , D . E ., &  L in g le , R . ( 1 9 8 5 ) . A lle le s , lo c i, a n d  th e  tr a v e lin g  s a le s m a n  
p r o b le m . P a p e r p r e s e n te d  a t th e  In te rn a tio n a l C o n f e re n c e  o n  G e n e tic  
A lg o r ith m s  a n d  T h e ir A p p lic a tio n s . 
G o ld be r g , D . E ., &  R ic h a rd s o n , J . ( 1 9 8 7 ). G e n e tic  A lg o r ith m s  w ith  S h a r in g  f o r  
M u ltim o d a l F u n c tio n  O p tim is a tio n . 
G o n d ra , I., &  S a m a d z a d e h , M . H . (2 0 0 3 ) . A I a n d  c o m p u ta tio n a l s c ie n c e : A  c o a rs e -
g r a in  p a r a lle l g e n e tic  a lg o r ith m  fo r  f in d in g  R a m s e y  N u m be r s . 
G o r g e s -S c h le u te r , M . (1 9 8 9 ). A S P A R A G O S  A n  A s y n c h r o n o u s  P a r a lle l G e n e tic  
O p tim iz a tio n  S tr a te g y . P a p e r  p r e s e n te d  a t th e  T h ir d  In te rn a tio n a l C o n f e re n c e  
o n  G e n e tic  A lg o r ith m s , G e o r g e  M a s o n  U n iv e rs ity . 
G rid -E n g in e  H o m e p a g e . (2 0 0 1 ) . W h a t is  th e  G r id  E n g in e  p r o je c t?  R e tr ie v e d  J u n e , 
2 0 0 4 , f ro m  h ttp ://g rid e n g in e .s u n s o u r c e .n e t/ 
H a m e rly , G ., &  E lk a n , C . ( 2 0 0 3 , D e c e m be r ) . L e a r n in g  th e  k  in  k -m e a n s . P a p e r  
p r e s e n te d  a t th e  s e v e n te e n th  a n n u a l c o n f e re n c e  o n  n e u r a l in fo r m a tio n  
p r o c e s s in g  s y s te m s  ( N IP S ) . 
H o lla n d , J . H . ( 1 9 7 5 ). A d a p ta tio n  in  N a tu r a l a n d  A r tific ia l S y s te m s : M IT  P re s s . 
K o z a , J . R . (1 9 9 2 ) . G e n e tic  P r o g r a m m in g : M IT  P r e s s . 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
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L e e , W . ( 2 0 0 2 ). A n  E x p lo r a to r y  S tu d y  o f th e  E c o n o m ic s  o f th e  C o m p u ta tio n a l G r id . 
L o n d o n : B irk be c k  C o lle g e , U n iv e r s ity  o f L o n d o n . 
L e v e n s h te in , V . I. ( 1 9 6 5 ) . B in a r y  c o d e s  c a p a ble  o f  c o r re c tin g  d e le tio n s , in s e rtio n s , 
a n d  r e v e r s a ls . D o k la d y  A k a d e m ii N a u k  S S S R , 1 6 3 ( 4 ), 8 4 5 - 8 4 8 . 
L i, X ., &  K irle y , M . (2 0 0 2 ) . T h e  E ffe c ts  o f V a r y in g  P o p u la tio n  D e n s ity  in  a  F in e -
g r a in e d  P a r a lle l G e n e tic  A lg o r ith m . P a p e r  p re s e n te d  a t th e  IE E E  W o r ld  
C o n g r e s s  o n  C o m p u ta tio n a l In te llig e n c e  (C o n g r e s s  o n  E v o lu tio n a r y  
C o m p u ta tio n ). 
L in , S .- C ., G o o d m a n , E . D ., &  P u n c h - I II, W . F . (1 9 9 4 ). C o a r s e - G ra in  P a r a lle l 
G e n e tic  A lg o r ith m s : C a te g o ris a tio n  a n d  N e w  A p p ro a c h . 
L o bo , F . G ., L im a , C . F ., &  M a rtir e s , H . ( 2 0 0 4 , J u n e  2 6 -3 0 ) . A n  a r c h ite c tu r e  fo r  
m a s s iv e ly  p a r a lle liz a tio n  o f th e  c o m p a c t g e n e tic  a lg o r ith m . P a p e r  p re s e n te d  
a t th e  G e n e tic  a n d  E v o lu tio n a r y  C o m p u ta tio n  C o n f e re n c e  ( G E C C O ) , S e a ttle , 
W a s h in g to n  U S A . 
M a c h a d o , P ., T a v a re s , J ., P e re ira , F . B ., &  C o s ta , E . ( 2 0 0 2 ). V e h ic le  R o u tin g  
P r o b le m :  D o in g  it th e  E v o lu tio n a r y  W a y . P a p e r  p r e s e n te d  a t th e  G e n e tic  a n d  
E v o lu tio n a r y  C o m p u ta tio n  C o n f e re n c e  ( G E C C O ) . 
M a c Q u e e n , J . B . ( 1 9 6 7 ). S o m e  M e th o d s  fo r  C la s s ific a tio n  a n d  A n a ly s is  o f 
M u ltiv a r ia te  O b s e r v a tio n s . P a p e r p r e s e n te d  a t th e  F if th  B e rk e le y  S y m p o s iu m  
o n  M a th e m a tic a l S ta tis tic s  a n d  P r o ba bility . 
M u h le n be in , H . ( 1 9 8 9 ). P a r a lle l g e n e tic  a lg o r ith m s , p o p u la tio n  g e n e tic s  a n d  
c o m b in a to r ia l o p tim is a tio n . P a p e r  p r e s e n te d  a t th e  n te r n a tio n a l C o n f e r e n c e  
o n  G e n e tic  A lg o r ith m s , G e o r g e  M a s o n  U n iv e rs ity . 
N ils s o n , C . (2 0 0 3 ) . H e u r is tic s  fo r  th e  T r a v e lin g  S a le s m a n  P r o b le m . 
N o d a , E ., C o e lh o , A . L . V ., R ic a r te , I. L . M ., Y a m a k a m i, A ., &  F re ita s , A . A . ( 2 0 0 2 ). 
D e v is in g  A d a p tiv e  M ig r a tio n  P o lic ie s  fo r  C o o p e r a tiv e  D is tr ib u te d  G e n e tic  
A lg o r ith m s . P a p e r  p re s e n te d  a t th e  IE E E  S M C , H a m m a m e t ( T u n is ia ). 
O s y c z k a , A . ( 2 0 0 2 ) . E v o lu tio n a r y  A lg o r ith m s  fo r  S in g le  a n d  M u ltic r ite r ia  D e s ig n  
O p tim is a tio n  (V o l. 7 9 ) : S p rin g e r- V e r la g . 
P e r e ir a , F . B ., T a v a r e s , J ., M a c h a d o , P ., &  C o s ta , E . ( 2 0 0 2 , 1 2 -1 3  S e p te m be r ) . G V R : 
a  N e w  G e n e tic  R e p r e s e n ta tio n  fo r  th e  V e h ic le  R o u tin g  P r o b le m . P a p e r 
p r e s e n te d  a t th e  1 3 th  Iris h  C o n f e re n c e  o n  A r tif ic ia l In te llig e n c e  a n d  
C o g n itiv e  S c ie n c e  ( A IC S  2 0 0 2 ), L im e r ic k , Ir e la n d . 
P e tty , C . C ., &  L e u z e , M . R . (1 9 8 9 ) . A  T h e o r e tic a l I n v e s tig a tio n  o f a  P a r a lle l 
G e n e tic  A lg o r ith m . P a p e r  p r e s e n te d  a t th e  T h ir d  In te r n a tio n a l C o n f e r e n c e  o n  
G e n e tic  A lg o r ith m s , G e o rg e  M a s o n  U n iv e rs ity . 
P r a s a n n a  J o g , J . Y . S ., D irk  V a n  G u c h t. ( 1 9 8 9 ) . T h e  E ffe c ts  o f P o p u la tio n  S iz e , 
H e u r is tic  C r o s s o v e r  a n d  L o c a l I m p r o v e m e n ts  o n  a  G e n e tic  A lg o r ith m  fo r  th e  
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T r a v e lin g  S a le s m a n  P r o b le m . P a p e r  p r e s e n te d  a t th e  In te r n a tio n a l C o n f e r e n c e  
o n  G e n e tic  A lg o r ith m s , G e o r g e  M a s o n  U n iv e rs ity . 
P u n c h , W . F ., G o o d m a n , E . D ., P e i, M ., C h ia -S h u n , L ., H o v la n d , P ., &  E n bo d y , R . 
( 1 9 9 3 ). F u r th e r  R e s e a r c h  o n  F e a tu r e  S e le c tio n  a n d  C la s s ific a tio n  U s in g  
G e n e tic  A lg o r ith m s . P a p e r  p re s e n te d  a t th e  F ifth  I n te r n a tio n a l C o n fe r e n c e  o n  
G e n e tic  A lg o r ith m s , U n iv e r s ity  o f  Illin o is . 
R a lp h s , T . ( 2 0 0 3 , O c to be r  3 ) . V e h ic le  R o u tin g  D a ta  S e ts . R e tr ie v e d  N o v e m be r, 2 0 0 4 , 
f ro m  h ttp ://bra n c h a n d c u t.o rg /V R P /d a ta / 
R a lp h s , T . K ., K o p m a n , L ., P u lle y bla n k , W . R ., &  T r o tte r, L . E . (2 0 0 1 ) . O n  th e  
C a p a c ita te d  V e h ic le  R o u tin g  P r o ble m . M a th e m a tic a l P r o g r a m m in g , 9 4 ( 2 - 3 ), 
3 4 3  -  3 5 9 . 
R o n a ld , S . ( 1 9 9 5 ). P re v e n tin g  D iv e rs ity  L o s s  in  a  R o u tin g  G e n e tic  A lg o r ith m  w ith  
H a s h  T a g g in g . C o m p le x ity  I n te r n a tio n a l. 
S p ie s s e n s , P ., &  M a n d e r ic k , B . ( 1 9 8 9 ) . F in e  G r a in e d  P a r a lle l G e n e tic  A lg o r ith m s . 
P a p e r  p re s e n te d  a t th e  T h ir d  In te rn a tio n a l C o n f e re n c e  o n  G e n e tic  A lg o r ith m s , 
G e o r g e  M a s o n  U n iv e r s ity . 
S p ie s s e n s , P ., &  M a n d e r ic k , B . ( 1 9 9 1 ) . A  M a s s iv e ly  P a r a lle l G e n e tic  A lg o r ith m . 
P a p e r  p re s e n te d  a t th e  F o u r th  In te rn a tio n a l C o n f e r e n c e  o n  G e n e tic  
A lg o r ith m s , U n iv e r s ity  o f C a lifo r n ia , S a n  D ie g o . 
T a n e n ba u m , A . S . ( 1 9 9 6 ) . C o m p u te r  N e tw o r k s  ( T h ird  e d .) : P r e n tic e -H a ll. 
T a n e s e , R . ( 1 9 8 9 ). D is tr ib u te d  G e n e tic  A lg o r ith m s . P a p e r p r e s e n te d  a t th e  T h ird  
In te r n a tio n a l C o n fe r e n c e  o n  G e n e tic  A lg o rith m s , G e o r g e  M a s o n  U n iv e r s ity . 
T o m a s s in i, M . ( 1 9 9 5 ) . A  S u r v e y  o f G e n e tic  A lg o r ith m s . A n n u a l R e v ie w s  O f 
C o m p u ta tio n a l P h y s ic s , 3 . 
V a m p le w , P . ( 2 0 0 4 ). P e r s o n a l C o m u n ic a tio n . In  P . U re n  ( E d .) . H o ba r t. 
W a n g , L ., M a c ie je w s k i, A . A ., S ie g e l, H . J ., &  R o y c h o w d h u r y , V . P . (1 9 9 8 ). A  
C o m p a r a tiv e  S tu d y  o f F iv e  P a r a lle l G e n e tic  A lg o r ith m s  
U s in g  th e  T r a v e llin g  S a le s m a n  P r o b le m . P a p e r  p r e s e n te d  a t th e  1 2 th . In te r n a tio n a l 
P a r a lle l P r o c e s s in g  S y m p o s iu m , O r la n d o , F lo rid a . 
W h itle y , D . ( 1 9 8 9 ). T h e  G E N I T O R  A lg o r ith m  a n d  S e le c tio n  P r e s s u r e . P a p e r  
p r e s e n te d  a t th e  T h ir d  In te r n a tio n a l C o n fe r e n c e  o n  G e n e tic  A lg o rith m s , 
G e o r g e  M a s o n  U n iv e r s ity . 
W h itle y , D . ( 1 9 9 3 ). A  g e n e tic  a lg o r ith m  tu to ria l. 
W r ig h t, S . ( 1 9 3 2 ). T h e  R o le s  o f M u ta tio n , In b r e e d in g , C r o s s b r e e d in g  a n d  S e le c tio n  
in  E v o lu tio n . P a p e r  p r e s e n te d  a t th e  S ix th  In te rn a tio n a l C o n g r e s s  o f  G e n e tic s . 
W r ig h t, S . ( 1 9 6 4 ). S to c h a s tic  P ro c e s s e s  in  E v o lu tio n . In  J . G u r la n d  ( E d .) , M o d e ls  in  
M e d ic in e  a n d  B io lo g y  (p p . 1 9 9 - 2 4 1 ) . 
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W r ig h t, S . ( 1 9 8 2 ). C h a r a c te r  C h a n g e , S p e c ia tio n , a n d  th e  H ig h e r T a x a . E v o lu tio n , 
3 6 ( 3 ). 
Y a n g , R . (1 9 9 7 ) . S o lv in g  L a r g e  T r a v e llin g  S a le s m a n  P r o b le m s  w ith  S m a ll 
P o p u la tio n s . P a p e r p r e s e n te d  a t th e  G e n e tic  A lg o r ith m s  in  E n g in e e r in g  
S y s te m s : In n o v a tio n s  a n d  A p p lic a tio n s  ( G A L E S I A ) , S e c o n d  In te rn a tio n a l 
C o n fe r e n c e  o n . 
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13 . A P P E N D IC IS  
A P P E N D I X  A 0  –  C V R P  I N S T A N C E  T E S T 0 - N 5 - K 3  
 
N A M E  : T E S T 0 -
N 5 -K 3  
C O M M E N T  : n o n e  
T Y P E  : C V R P  
D I M E N S I O N  : 5  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 3 3  
N O D E _ C O O R D _ S E C T I O N  
1  3 0  4 0  
2  3 7  5 2  
3  4 9  4 9  
4  5 2  6 4  
5  2 0  3 0  
D E M A N D _ S E C T I O N  
1  0  
2  1 9  
3  2 0  
4  6  
5  1 0  
D E P O T _ S E C T I O N  
 1  
 - 1  
E O F  
 
 
A P P E N D I X  A 1  –  C V R P  I N S T A N C E  T E S T 1 - N 5 - K 2  
 
N A M E  : T E S T 1 -
N 5 -K 2  
C O M M E N T  : n o n e  
T Y P E  : C V R P  
D I M E N S I O N  : 5  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 4 5  
N O D E _ C O O R D _ S E C T I O N  
1  3 0  4 0  
2  3 7  5 2  
3  4 9  4 9  
4  5 2  6 4  
5  2 0  3 0  
D E M A N D _ S E C T I O N  
1  0  
2  1 9  
3  2 0  
4  6  
5  1 0  
D E P O T _ S E C T I O N  
 1  
 - 1  
E O F  
 
 
A P P E N D I X  A 2  –  C V R P  I N S T A N C E  T E S T 2 - N 5 - K 4  
 
N A M E  : te s t1 _ v r p  
C O M M E N T  : n o n e  
T Y P E  : C V R P  
D I M E N S I O N  : 5  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 3 3  
N O D E _ C O O R D _ S E C T I O N  
1  3 0  4 0  
2  3 7  5 2  
3  4 9  4 9  
4  5 2  6 4  
5  2 0  3 0  
D E M A N D _ S E C T I O N  
1  0  
2  3 3  
3  3 3  
4  3 3  
5  3 3  
D E P O T _ S E C T I O N  
 1  
 - 1  
E O F  
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A P P E N D I X  B  –  C V R P  I N S T A N C E  M - N 1 0 1 - K 1 0  
 
N A M E  : M - n 1 0 1 -k 1 0  
C O M M E N T  : 
( C h r is to p h id e s  e t a l, 
N o  o f  tr u c k s : 1 0 , 
O p tim a l v a lu e : 8 2 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 0 1  
E D G E _ W E I G H T _ T Y
P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E C
T I O N  
1  4 0  5 0  
2  4 5  6 8  
3  4 5  7 0  
4  4 2  6 6  
5  4 2  6 8  
6  4 2  6 5  
7  4 0  6 9  
8  4 0  6 6  
9  3 8  6 8  
1 0  3 8  7 0  
1 1  3 5  6 6  
1 2  3 5  6 9  
1 3  2 5  8 5  
1 4  2 2  7 5  
1 5  2 2  8 5  
1 6  2 0  8 0  
1 7  2 0  8 5  
1 8  1 8  7 5  
1 9  1 5  7 5  
2 0  1 5  8 0  
2 1  3 0  5 0  
2 2  3 0  5 2  
2 3  2 8  5 2  
2 4  2 8  5 5  
2 5  2 5  5 0  
2 6  2 5  5 2  
2 7  2 5  5 5  
2 8  2 3  5 2  
2 9  2 3  5 5  
3 0  2 0  5 0  
3 1  2 0  5 5  
3 2  1 0  3 5  
3 3  1 0  4 0  
3 4  8  4 0  
3 5  8  4 5  
3 6  5  3 5  
3 7  5  4 5  
3 8  2  4 0  
3 9  0  4 0  
4 0  0  4 5  
4 1  3 5  3 0  
4 2  3 5  3 2  
4 3  3 3  3 2  
4 4  3 3  3 5  
4 5  3 2  3 0  
4 6  3 0  3 0  
4 7  3 0  3 2  
4 8  3 0  3 5  
4 9  2 8  3 0  
5 0  2 8  3 5  
5 1  2 6  3 2  
5 2  2 5  3 0  
5 3  2 5  3 5  
5 4  4 4  5  
5 5  4 2  1 0  
5 6  4 2  1 5  
5 7  4 0  5  
5 8  4 0  1 5  
5 9  3 8  5  
6 0  3 8  1 5  
6 1  3 5  5  
6 2  5 0  3 0  
6 3  5 0  3 5  
6 4  5 0  4 0  
6 5  4 8  3 0  
6 6  4 8  4 0  
6 7  4 7  3 5  
6 8  4 7  4 0  
6 9  4 5  3 0  
7 0  4 5  3 5  
7 1  9 5  3 0  
7 2  9 5  3 5  
7 3  5 3  3 0  
7 4  9 2  3 0  
7 5  5 3  3 5  
7 6  4 5  6 5  
7 7  9 0  3 5  
7 8  8 8  3 0  
7 9  8 8  3 5  
8 0  8 7  3 0  
8 1  8 5  2 5  
8 2  8 5  3 5  
8 3  7 5  5 5  
8 4  7 2  5 5  
8 5  7 0  5 8  
8 6  6 8  6 0  
8 7  6 6  5 5  
8 8  6 5  5 5  
8 9  6 5  6 0  
9 0  6 3  5 8  
9 1  6 0  5 5  
9 2  6 0  6 0  
9 3  6 7  8 5  
9 4  6 5  8 5  
9 5  6 5  8 2  
9 6  6 2  8 0  
9 7  6 0  8 0  
9 8  6 0  8 5  
9 9  5 8  7 5  
1 0 0  5 5  8 0  
1 0 1  5 5  8 5  
D E M A N D _ S E C T I O N  
1  0   
2  1 0  
3  3 0  
4  1 0  
5  1 0  
6  1 0  
7  2 0  
8  2 0  
9  2 0  
1 0  1 0  
1 1  1 0  
1 2  1 0  
1 3  2 0  
1 4  3 0  
1 5  1 0  
1 6  4 0  
1 7  4 0  
1 8  2 0  
1 9  2 0  
2 0  1 0  
2 1  1 0  
2 2  2 0  
2 3  2 0  
2 4  1 0  
2 5  1 0  
2 6  4 0  
2 7  1 0  
2 8  1 0  
2 9  2 0  
3 0  1 0  
3 1  1 0  
3 2  2 0  
3 3  3 0  
3 4  4 0  
3 5  2 0  
3 6  1 0  
3 7  1 0  
3 8  2 0  
3 9  3 0  
4 0  2 0  
4 1  1 0  
4 2  1 0  
4 3  2 0  
4 4  1 0  
4 5  1 0  
4 6  1 0  
4 7  3 0  
4 8  1 0  
4 9  1 0  
5 0  1 0  
5 1  1 0  
5 2  1 0  
5 3  1 0  
5 4  2 0  
5 5  4 0  
5 6  1 0  
5 7  3 0  
5 8  4 0  
5 9  3 0  
6 0  1 0  
6 1  2 0  
6 2  1 0  
6 3  2 0  
6 4  5 0  
6 5  1 0  
6 6  1 0  
6 7  1 0  
6 8  1 0  
6 9  1 0  
7 0  1 0  
7 1  3 0  
7 2  2 0  
7 3  1 0  
7 4  1 0  
7 5  5 0  
7 6  2 0  
7 7  1 0  
7 8  1 0  
7 9  2 0  
8 0  1 0  
8 1  1 0  
8 2  3 0  
8 3  2 0  
8 4  1 0  
8 5  2 0  
8 6  3 0  
8 7  1 0  
8 8  2 0  
8 9  3 0  
9 0  1 0  
9 1  1 0  
9 2  1 0  
9 3  2 0  
9 4  4 0  
9 5  1 0  
9 6  3 0  
9 7  1 0  
9 8  3 0  
9 9  2 0  
1 0 0  1 0  
1 0 1  2 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F
 
 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
9 3  
A P P E N D I X  C 0  –  C V R P  I N S T A N C E  D N 0 - M - N 1 0 1 - K 1 0  
 
N A M E  : D N 0 -M -
n 1 0 1 -k 1 0  
C O M M E N T  : ( n a iv e  
d e c o m p o s itio n  o f M -
n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 2 6  
E D G E _ W E I G H T _ T Y
P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E C
T I O N  
1  4 0  5 0  
2  4 5  6 8  
3  4 5  7 0  
4  4 2  6 6  
5  4 2  6 8  
6  4 2  6 5  
7  4 0  6 9  
8  4 0  6 6  
9  3 8  6 8  
1 0  3 8  7 0  
1 1  3 5  6 6  
1 2  3 5  6 9  
1 3  2 5  8 5  
1 4  2 2  7 5  
1 5  2 2  8 5  
1 6  2 0  8 0  
1 7  2 0  8 5  
1 8  1 8  7 5  
1 9  1 5  7 5  
2 0  1 5  8 0  
2 1  3 0  5 0  
2 2  3 0  5 2  
2 3  2 8  5 2  
2 4  2 8  5 5  
2 5  2 5  5 0  
2 6  2 5  5 2  
D E M A N D _ S E C
T I O N  
1  0   
2  1 0  
3  3 0  
4  1 0  
5  1 0  
6  1 0  
7  2 0  
8  2 0  
9  2 0  
1 0  1 0  
1 1  1 0  
1 2  1 0  
1 3  2 0  
1 4  3 0  
1 5  1 0  
1 6  4 0  
1 7  4 0  
1 8  2 0  
1 9  2 0  
2 0  1 0  
2 1  1 0  
2 2  2 0  
2 3  2 0  
2 4  1 0  
2 5  1 0  
2 6  4 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  C 1  –  C V R P  I N S T A N C E  D N 1 - M - N 1 0 1 - K 1 0  
 
N A M E  : D N 1 -M -
n 1 0 1 -k 1 0  
C O M M E N T  : ( n a iv e  
d e c o m p o s itio n  o f M -
n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 2 6  
E D G E _ W E I G H T _ T Y
P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E C
T I O N  
1  4 0  5 0  
2 7  2 5  5 5  
2 8  2 3  5 2  
2 9  2 3  5 5  
3 0  2 0  5 0  
3 1  2 0  5 5  
3 2  1 0  3 5  
3 3  1 0  4 0  
3 4  8  4 0  
3 5  8  4 5  
3 6  5  3 5  
3 7  5  4 5  
3 8  2  4 0  
3 9  0  4 0  
4 0  0  4 5  
4 1  3 5  3 0  
4 2  3 5  3 2  
4 3  3 3  3 2  
4 4  3 3  3 5  
4 5  3 2  3 0  
4 6  3 0  3 0  
4 7  3 0  3 2  
4 8  3 0  3 5  
4 9  2 8  3 0  
5 0  2 8  3 5  
5 1  2 6  3 2  
D E M A N D _ S E C T I O N  
1  0   
2 7  1 0  
2 8  1 0  
2 9  2 0  
3 0  1 0  
3 1  1 0  
3 2  2 0  
3 3  3 0  
3 4  4 0  
3 5  2 0  
3 6  1 0  
3 7  1 0  
3 8  2 0  
3 9  3 0  
4 0  2 0  
4 1  1 0  
4 2  1 0  
4 3  2 0  
4 4  1 0  
4 5  1 0  
4 6  1 0  
4 7  3 0  
4 8  1 0  
4 9  1 0  
5 0  1 0  
5 1  1 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
9 4  
A P P E N D I X  C 2  –  C V R P  I N S T A N C E  D N 2 - M - N 1 0 1 - K 1 0  
 
N A M E  : D N 2 -M -
n 1 0 1 -k 1 0  
C O M M E N T  : ( n a iv e  
d e c o m p o s itio n  o f M -
n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 2 6  
E D G E _ W E I G H T _ T Y
P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E C
T I O N  
1  4 0  5 0  
5 2  2 5  3 0  
5 3  2 5  3 5  
5 4  4 4  5  
5 5  4 2  1 0  
5 6  4 2  1 5  
5 7  4 0  5  
5 8  4 0  1 5  
5 9  3 8  5  
6 0  3 8  1 5  
6 1  3 5  5  
6 2  5 0  3 0  
6 3  5 0  3 5  
6 4  5 0  4 0  
6 5  4 8  3 0  
6 6  4 8  4 0  
6 7  4 7  3 5  
6 8  4 7  4 0  
6 9  4 5  3 0  
7 0  4 5  3 5  
7 1  9 5  3 0  
7 2  9 5  3 5  
7 3  5 3  3 0  
7 4  9 2  3 0  
7 5  5 3  3 5  
7 6  4 5  6 5  
D E M A N D _ S E C T I O
N  
1  0   
5 2  1 0  
5 3  1 0  
5 4  2 0  
5 5  4 0  
5 6  1 0  
5 7  3 0  
5 8  4 0  
5 9  3 0  
6 0  1 0  
6 1  2 0  
6 2  1 0  
6 3  2 0  
6 4  5 0  
6 5  1 0  
6 6  1 0  
6 7  1 0  
6 8  1 0  
6 9  1 0  
7 0  1 0  
7 1  3 0  
7 2  2 0  
7 3  1 0  
7 4  1 0  
7 5  5 0  
7 6  2 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  C 3  –  C V R P  I N S T A N C E  D N 3 - M - N 1 0 1 - K 1 0  
 
N A M E  : D N 3 -M -
n 1 0 1 -k 1 0  
C O M M E N T  : ( n a iv e  
d e c o m p o s itio n  o f M -
n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 2 6  
E D G E _ W E I G H T _ T Y
P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E C
T I O N  
1  4 0  5 0  
7 7  9 0  3 5  
7 8  8 8  3 0  
7 9  8 8  3 5  
8 0  8 7  3 0  
8 1  8 5  2 5  
8 2  8 5  3 5  
8 3  7 5  5 5  
8 4  7 2  5 5  
8 5  7 0  5 8  
8 6  6 8  6 0  
8 7  6 6  5 5  
8 8  6 5  5 5  
8 9  6 5  6 0  
9 0  6 3  5 8  
9 1  6 0  5 5  
9 2  6 0  6 0  
9 3  6 7  8 5  
9 4  6 5  8 5  
9 5  6 5  8 2  
9 6  6 2  8 0  
9 7  6 0  8 0  
9 8  6 0  8 5  
9 9  5 8  7 5  
1 0 0  5 5  8 0  
1 0 1  5 5  8 5  
D E M A N D _ S E C T I O
N  
1  0   
7 7  1 0  
7 8  1 0  
7 9  2 0  
8 0  1 0  
8 1  1 0  
8 2  3 0  
8 3  2 0  
8 4  1 0  
8 5  2 0  
8 6  3 0  
8 7  1 0  
8 8  2 0  
8 9  3 0  
9 0  1 0  
9 1  1 0  
9 2  1 0  
9 3  2 0  
9 4  4 0  
9 5  1 0  
9 6  3 0  
9 7  1 0  
9 8  3 0  
9 9  2 0  
1 0 0  1 0  
1 0 1  2 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
9 5  
 
A P P E N D I X  D 0  –  C V R P  I N S T A N C E  D C 0 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 0 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 2  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E
C T I O N  
1  4 0  5 0  
6 2  5 0  3 0  
6 3  5 0  3 5  
6 4  5 0  4 0  
6 5  4 8  3 0  
6 6  4 8  4 0  
6 7  4 7  3 5  
6 8  4 7  4 0  
6 9  4 5  3 0  
7 0  4 5  3 5  
7 3  5 3  3 0  
7 5  5 3  3 5  
D E M A N D _ S E C T I O N  
1  0   
6 2  1 0  
6 3  2 0  
6 4  5 0  
6 5  1 0  
6 6  1 0  
6 7  1 0  
6 8  1 0  
6 9  1 0  
7 0  1 0  
7 3  1 0  
7 5  5 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  D 1  –  C V R P  I N S T A N C E  D C 1 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 1 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 3  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E
C T I O N  
1  4 0  5 0  
2  4 5  6 8  
3  4 5  7 0  
4  4 2  6 6  
5  4 2  6 8  
6  4 2  6 5  
7  4 0  6 9  
8  4 0  6 6  
9  3 8  6 8  
1 0  3 8  7 0  
1 1  3 5  6 6  
1 2  3 5  6 9  
7 6  4 5  6 5  
D E M A N D _ S E C T I O N  
1  0   
2  1 0  
3  3 0  
4  1 0  
5  1 0  
6  1 0  
7  2 0  
8  2 0  
9  2 0  
1 0  1 0  
1 1  1 0  
1 2  1 0  
7 6  2 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  D 2  –  C V R P  I N S T A N C E  D C 2 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 2 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 0  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S E
C T I O N  
1  4 0  5 0  
3 2  1 0  3 5  
3 3  1 0  4 0  
3 4  8  4 0  
3 5  8  4 5  
3 6  5  3 5  
3 7  5  4 5  
3 8  2  4 0  
3 9  0  4 0  
4 0  0  4 5  
D E M A N D _ S E C T I O N  
1  0  
3 2  2 0  
3 3  3 0  
3 4  4 0  
3 5  2 0  
3 6  1 0  
3 7  1 0  
3 8  2 0  
3 9  3 0  
4 0  2 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
9 6  
 
A P P E N D I X  D 3  –  C V R P  I N S T A N C E  D C 3 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 3 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 4  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S
E C T I O N  
1  4 0  5 0  
4 1  3 5  3 0  
4 2  3 5  3 2  
4 3  3 3  3 2  
4 4  3 3  3 5  
4 5  3 2  3 0  
4 6  3 0  3 0  
4 7  3 0  3 2  
4 8  3 0  3 5  
4 9  2 8  3 0  
5 0  2 8  3 5  
5 1  2 6  3 2  
5 2  2 5  3 0  
5 3  2 5  3 5  
D E M A N D _ S E C T I O N  
1  0  
4 1  1 0  
4 2  1 0  
4 3  2 0  
4 4  1 0  
4 5  1 0  
4 6  1 0  
4 7  3 0  
4 8  1 0  
4 9  1 0  
5 0  1 0  
5 1  1 0  
5 2  1 0  
5 3  1 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  D 4  –  C V R P  I N S T A N C E  D C 4 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 4 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 1  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S
E C T I O N  
1  4 0  5 0  
8 3  7 5  5 5  
8 4  7 2  5 5  
8 5  7 0  5 8  
8 6  6 8  6 0  
8 7  6 6  5 5  
8 8  6 5  5 5  
8 9  6 5  6 0  
9 0  6 3  5 8  
9 1  6 0  5 5  
9 2  6 0  6 0  
D E M A N D _ S E C T I O N  
1  0  
8 3  2 0  
8 4  1 0  
8 5  2 0  
8 6  3 0  
8 7  1 0  
8 8  2 0  
8 9  3 0  
9 0  1 0  
9 1  1 0  
9 2  1 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  D 5  –  C V R P  I N S T A N C E  D C 5 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 5 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 9  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S
E C T I O N  
1  4 0  5 0  
5 4  4 4  5  
5 5  4 2  1 0  
5 6  4 2  1 5  
5 7  4 0  5  
5 8  4 0  1 5  
5 9  3 8  5  
6 0  3 8  1 5  
6 1  3 5  5  
D E M A N D _ S E C T I O N  
1  0  
5 4  2 0  
5 5  4 0  
5 6  1 0  
5 7  3 0  
5 8  4 0  
5 9  3 0  
6 0  1 0  
6 1  2 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
P h ilip  U re n  
N o v e m be r 2 0 0 4  
 
 
 
9 7  
 
A P P E N D I X  D 6  –  C V R P  I N S T A N C E  D C 6 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 6 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 2  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S
E C T I O N  
1  4 0  5 0  
2 1  3 0  5 0  
2 2  3 0  5 2  
2 3  2 8  5 2  
2 4  2 8  5 5  
2 5  2 5  5 0  
2 6  2 5  5 2  
2 7  2 5  5 5  
2 8  2 3  5 2  
2 9  2 3  5 5  
3 0  2 0  5 0  
3 1  2 0  5 5  
D E M A N D _ S E C T I O N  
1  0  
2 1  1 0  
2 2  2 0  
2 3  2 0  
2 4  1 0  
2 5  1 0  
2 6  4 0  
2 7  1 0  
2 8  1 0  
2 9  2 0  
3 0  1 0  
3 1  1 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  D 7  –  C V R P  I N S T A N C E  D C 7 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 7 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 0  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S
E C T I O N  
1  4 0  5 0  
7 1  9 5  3 0  
7 2  9 5  3 5  
7 4  9 2  3 0  
7 7  9 0  3 5  
7 8  8 8  3 0  
7 9  8 8  3 5  
8 0  8 7  3 0  
8 1  8 5  2 5  
8 2  8 5  3 5  
D E M A N D _ S E C T I O N  
1  0  
7 1  3 0  
7 2  2 0  
7 4  1 0  
7 7  1 0  
7 8  1 0  
7 9  2 0  
8 0  1 0  
8 1  1 0  
8 2  3 0  
D E P O T _ S E C T I O N  
1  
-1  
E O F  
 
 
A P P E N D I X  D 8  –  C V R P  I N S T A N C E  D C 8 - M - N 1 0 1 - K 1 0  
 
N A M E  : D C 8 - M -
n 1 0 1 -k 1 0  
C O M M E N T  : 
( D e c o m p o s itio n  o f 
M - n 1 0 1 -k 1 0 )  
T Y P E  : C V R P  
D I M E N S I O N  : 1 0  
E D G E _ W E I G H T _ T
Y P E  : E U C _ 2 D  
C A P A C I T Y  : 2 0 0  
N O D E _ C O O R D _ S
E C T I O N  
1  4 0  5 0  
9 3  6 7  8 5  
9 4  6 5  8 5  
9 5  6 5  8 2  
9 6  6 2  8 0  
9 7  6 0  8 0  
9 8  6 0  8 5  
9 9  5 8  7 5  
1 0 0  5 5  8 0  
1 0 1  5 5  8 5  
D E M A N D _ S E C T I O N  
1  0  
9 3  2 0  
9 4  4 0  
9 5  1 0  
9 6  3 0  
9 7  1 0  
9 8  3 0  
9 9  2 0  
1 0 0  1 0  
1 0 1  2 0  
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